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Abstract 
Elliptical hollow sections (EHS) represent the recent addition to the range of tubular 
structural products. Their distinct closed nature brings structural efficiency by offering 
differing flexural rigidities about each of the principal axes as well as high torsional 
stiffness. It also offers an interesting and unusual smooth streamlined appearance 
which can be utilised to fulfil contemporary design visions. The varying radius of 
curvature around the circumference characterises the distinctive structural behaviour of 
EHS from other tubular sections. In this study, the manifestation of local buckling 
under compression and in-plane bending about each of the principal axes has been 
examined, and a system of cross-section classification has been proposed. Plastic shear 
area formulations have been derived to codify shear resistance along each of the 
principal axes. Design expressions for combined shear and bending have also been 
developed to account for the degradation effect on moment resistance with increasing 
shear. Member column buckling curves have been proposed in accordance with the 
major steel design standards, including Eurocode 3. 
The key components of this research are laboratory testing, numerical modelling and 
the development of design guidance. A comprehensive experimental programme was 
performed in order to gather the basic structural performance data at both cross-section 
and member levels. At cross-section level, a total of 25 tensile coupon tests, 25 stub 
column tests, 18 in-plane bending tests and 24 shear tests were conducted, whilst at 
member level, a total of 24 column tests were carried out. At each phase, the 
experimental results were utilised to validate finite element models, after which 
parametric studies based upon the validated models were conducted. With the aid of 
the generated structural performance data, design recommendations have been proposed 
in harmony with the current design methods for circular hollow sections. This research 
has established a sound foundation for the further development of comprehensive 
design guidance for elliptical hollow sections. 
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Notation 
a 	 Half of the larger outer diameter 
am 	Half of the larger diameter of the median profile of the section 
`a' 	 Buckling curve 'a' in EN 1993-1-1 (2005) 
A 	 Gross cross-section area 
Aeff 	 Effective cross-section area 
A, 	 Shear area 
b 	 Half of the smaller outer diameter 
b,,, 	 Half of the smaller diameter of the median profile of the section 
bte 	 Tensile coupon width 
C x Coefficient defined by the relative length of the circular shell 
D 	 Diameter 
De 	Equivalent diameter 
DL 	 Average vertical displacement at loading points 
DM Vertical displacement at midspan 
E 	 Young's modulus 
f 	 Coefficient dependant on the thickness and the larger outer diameter 
fu 	 Ultimate tensile stress 
fy Material yield stress 
fyr 	 Reduced material yield stress 
hm Coefficient dependant on the geometry of the median profile of the 
section 
H 	 Distance between the top and bottom transducers at the end of the 
beam 
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Notation 
i 	 Radius of gyration 
I 	 Second moment of area 
Iy 	 Second moment of area about major (y y)axis 
I Z 	 Second moment of area about minor (z-z) axis 
k f 	 Form factor, defined as the ratio of the effective area to the gross 
area of the cross-section (AS 4100, 1998) 
K Buckling coefficient dependant on the aspect ratio and the boundary 
conditions of the plate 
L Specimen length 
Lcr 	 Buckling (effective) length 
Lo 	 Perimeter 
L1, L3 	 Span length between end support and loading point 
L2 	 Span length between loading points 
M Bending moment 
Mc,Rd 	 Bending resistance 
Mel,Rd 	 Elastic moment resistance 
Mpl,Rd 	 Plastic moment resistance 
Mu Ultimate bending moment 
Mu,prop 	 Proposed bending resistance 
Mu,test 	 Experimental ultimate bending moment 
MV,Rd 	 Reduced moment resistance 
M2 	 Second order moment (NO 
N Applied axial load 
Nb,Rd 	 Member buckling resistance 
Ncr 	 Elastic flexural buckling load 
Nem 	Cross-section compressive resistance 
Nu Ultimate axial load 
Nu,prop 	Proposed compressive resistance 
Nu,prop,1 	Proposed cross-section compressive resistance based on Approach 1 
Nu,prop,2 	Proposed cross-section compressive resistance based on Approach 2 
Nu,test 	Experimental ultimate axial load 
Ny 	 Plastic yield load 
Perimeter of the median profile of the section 
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Notation 
Q 	 Slenderness reduction factor, defined as the ratio of the stress at 
local buckling to the material yield stress (AISC 360, 2005) 
r 	 Radius of curvature 
rcr 	 Critical radius of curvature 
ro 	 Radius of a circular section with the same perimeter as the 
corresponding oval 
rmax 	Maximum radius of curvature 
rmin 	 Minimum radius of curvature 
R Rotation capacity 
R0.95 	 Rotation capacity evaluated at 0.95Mpud 
s Coordinate along the curved length of an oval 
S 	 First moment of area 
t 	 Thickness 
V Shear force 
\Tc,Rd 	 Design shear resistance 
Vel,Rd 	 Elastic shear resistance 
V pi,prop 	Proposed plastic shear resistance 
Vpl,Rd 	 Plastic shear resistance 
V. Ultimate shear force 
V ogat 	Experimental ultimate shear force 
w Plate width 
Weff 	 Effective section modulus 
Wei 	 Elastic section modulus 
Wei,y 	 Elastic section modulus about major (y y)axis 
Wel,z 	 Elastic section modulus about minor (z-z) axis 
W pi Plastic section modulus 
WAY 	Plastic section modulus about major (y y)axis 
Wp1,z 	 Plastic section modulus about minor (z-z) axis 
x Distance along the specimen 
Ymax 	Distance from neutral axis to the extreme fibre 
y Cartesian coordinate 
z 	 Cartesian coordinate 
y-y 	Cross-section major axis 
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Notation 
z-z 	 Cross-section minor axis 
a 	 Imperfection factor 
as 	 Compression member factor (AS 4100, 1998) 
ab 	 Compression member section constant (AS 4100, 1998) 
ac 	 Compression member slenderness reduction factor (AS 4100, 1998) 
X 	 Buckling reduction factor 
5 End shortening 
6h 	 Vertical displacement at midspan of beam 
Sc 	 Vertical displacement 
6u 	 End shortening at ultimate axial load 
61 	 Horizontal displacement at the end of the beam (top transducer) 
62 	 Horizontal displacement at the end of the beam (bottom transducer) 
Coefficient dependant on the material yield stress 
Esh 	 Strain hardening strain 
(i) 	 Capacity factor (AS 4100, 1998) 
(I) c 	 Resistance factor (AISC 360, 2005) 
(.13 	 Value to determine the buckling reduction factor 
7mo 	 Partial factor for resistance of cross-sections 
7m1 	 Partial factor for resistance of members 
(1) 	 Angle measured from the z-z axis 
K 	 Curvature 
K pl 	 Elastic component of curvature upon reaching Mpl,Rd 
Kp1,0.95 	 Elastic component of curvature upon reaching 0.95MARd 
Krot 	 Curvature at which moment resistance drops back below Mpl,Rd 
Krot,0.95 	 Curvature at which moment resistance drops back below 0.95MARd 
Ku 	 Curvature at ultimate bending moment 
Non-dimensional member slenderness 
Aisc 	Non-dimensional member slenderness for AISC 360 (2005) 
kAs 	 Non-dimensional member slenderness for AS 4100 (1998) 
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Notation 
XEC 	 Non-dimensional member slenderness for EN 1993-1-1 (2005) 
v 	 Poisson's ratio 
0 	 Rotation 
O pi 	 Elastic component of rotation upon reaching Mpl,Rd 
Orot 	 Rotation at which moment resistance drops back below Mpl,Rd 
Ou 	 Rotation at ultimate bending moment 
P 	 Reduction factor to determine reduced design values of the resistance 
to bending moments making allowance for the presence of shear force 
ab 	 Bending stress 
abonax 	 Maximum bending stress 
au 	 Axial compressive stress 
acr 	 Elastic buckling stress 
lacr,plate 	 Elastic buckling stress of a perfect plate 
acr,shell 	 Elastic buckling stress of a perfect shell 
acr,shell,L 	Elastic buckling stress of a perfect shell including length effects 
au 	 Ultimate compressive stress 
t 	 Shear stress 
for 	 Elastic shear buckling stress 
Tmax 	 Maximum shear stress 
Ty 	 Material yield stress in shear 
co 	 Lateral deflection at mid-height of column 
cog 	 Global imperfection amplitude 
coi 	 Initial global imperfection amplitude 
wo 	 Local imperfection amplitude 
4 	 Compression member factor (AS 4100, 1998) 
Eccentricity of an oval 
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Chapter 1 
Introduction 
1.1 Background 
Tubular members are widely used in a range of engineering applications. Their closed 
nature brings structural efficiency, high torsional stiffness and aesthetic appearance; it 
also effectively offers permanent formwork enabling increased load bearing capacity to 
be achieved through concrete filling. To date, square, rectangular and circular hollow 
sections have been the dominant tubular products. The recent introduction of hot-
finished elliptical hollow sections (EHS) to the construction industry opens a new 
chapter in the use of structural hollow sections. Their aesthetic appeal, complemented 
by the sound structural efficiency, offers an interesting alternative for engineers and 
architects to fulfil their design visions. In order to facilitate the wider application of 
elliptical hollow sections, comprehensive structural design rules verified against test 
data are required. Therefore, this research aims to develop a concise design framework 
and stepwise design procedures in harmony with the current design methods for circular 
hollow sections to allow elliptical hollow section members to be designed safely and 
efficiently based upon sound theoretical understanding, carefully conducted 
experiments, validated numerical simulations and data analyses. Design terminology 
has been written in line with Eurocode 3 in order to facilitate incorporation of the 
findings into the design code for designers in the future. 
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1.2 History of tubular structures 
Dating back to the mid-nineteenth century, the opening of the Britannia Bridge, UK 
(Collins, 1983; Ryall, 1999) in 1850 heralded a new era for structural hollow sections; it 
was the first civil engineering application to adopt rectangular hollow sections (Figure 
1.1) in the main structural skeleton. Behind the scene, viable design options involving 
circular and elliptical hollow sections were also considered during the conceptual 
design stage but eventually rectangular hollow sections were chosen. Nine years later, 
the Engineer Isambard Kingdom Brunel adopted elliptical hollow sections as the 
primary arched compression elements in one of his masterpieces — the Royal Albert 
Bridge (Binding, 1997; Figure 1.2). Subsequently, in 1890, the Forth Railway Bridge 
(Paxton, 1990; Figure 1.3) was completed displaying extensive use of circular hollow 
sections. The hollow sections employed in these early structures had to be fabricated 
from plates connected by rivets. As the construction industry continues to evolve, new 
design and production techniques have been developed and hollow sections can now be 
manufactured as hot-finished structural products as square, rectangular and circular 
sections to meet the modern structural and architectural demands. Now, more than a 
century after their initial use by Brunel, elliptical hollow sections have emerged as a 
new addition to the hot-finished product range for tubular construction. 
Figure 1.1: Section of the Britannia Bridge, UK 
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Figure 1.2: Brunel 's Royal Albert Bridge, UK 
Figure 1.3: Forth Railway Bridge, UK 
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1.3 Applications and research into elliptical hollow sections 
1.3.1 Applications 
Elliptical hollow sections have been utilised as the primary elements in a number of 
recent applications. Examples range from sculptures to structural applications as 
illustrated in Figures 1.4 to 1.8 (Corus, 2006a; Vitiuela-Rueda and Martinez-Salcedo, 
2006). This broad range of applications reflects the vibrancy of elliptical hollow 
sections and the link between their distinct geometrical features and contemporary 
design. 
Figure 1.4: Honda sculpture in Goodwood, UK 
Figure 1.5: Coach station at Terminal 3 of 
	
Figure 1.6: Jarrold store in Norwich, UK 
Heathrow Airport in London, UK 
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Figure 1.7: Society Bridge in Braemar, UK Figure 1.8: Terminal 4 of Barajas Airport in 
Madrid, Spain 
1.3.2 Recent research 
To date, much of the research into elliptical hollow sections was conducted by the 
aeronautical industry in the 1950s and 1960s on light-weight, thin-walled materials 
examining the elastic stability of slender elements. Research on hot-finished elliptical 
hollow sections has been limited. Recent research focusing on these hot-finished 
structural steel products has been concerned with cross-section and member resistances, 
connection methods and concrete filled composite behaviour. These recent studies may 
be accumulated in the next few years to provide comprehensive practical design 
guidance for hot-finished elliptical hollow sections. 
1.4 Outline of thesis 
This chapter provides a broad introduction to the family of structural hollow sections, 
the uses of elliptical hollow sections and an overview of the remainder of the thesis. A 
review of the literature is reported in Chapter 2. The review is intended to give an 
overview of important topics, with the majority of the literature being introduced and 
discussed at the relevant stage in the thesis. 
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Chapters 3 to 6 present the research findings on the structural behaviour of elliptical 
hollow sections in different structural configurations. Chapter 3 covers the cross-
section behaviour of EHS under axial compression; Chapter 4 examines the in-plane 
bending behaviour of EHS; Chapter 5 focuses on EHS in shear and under combined 
shear and moment, and Chapter 6 covers the member column buckling behaviour. Each 
chapter contains full details of an extensive laboratory testing programme, numerical 
modelling programme and the development of design rules. 
Chapter 7 summarises the findings in a concise design framework with illustrative 
examples. Concluding remarks are given in Chapter 8 with a summary of the important 
findings from the research, conclusions and suggestions for further work. 
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Literature review 
2.1 Introduction 
This chapter is divided into a broad range of subject areas in order to introduce and 
summarise previous research on oval and elliptical hollow sections. Further literature 
will be reviewed where relevant in subsequent chapters. 
In the past, the primary research focus into oval and elliptical hollow sections has been 
on the elastic buckling and post-buckling behaviour of very slender, non-structural 
cylinders. This research has provided an insight into the link between the elastic 
stability of oval/elliptical cylinders and the traditional circular cylinders. The present 
research covers a broader range of structural aspects regarding the current range of hot-
finished steel elliptical hollow sections. It aims to derive safe and efficient design rules 
for designers in the construction industry. 
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2.2 Geometry 
The geometrical shape of an oval and an ellipse are discussed and the correlation 
between them is defined in this section. 
2.2.1 Oval 
An oval may be described generally as a curve with a smooth, convex, closed 'egg-like' 
shape. There is no single mathematical definition for an oval and a range of geometric 
properties, depending on the degree of elongation and asymmetry of ovals therefore 
exists. A number of formulations were examined by Marguerre (1951) to describe the 
geometry of an oval and the following simplified expression given by Equation 2.1 was 
adopted by a number of researchers to describe a doubly-symmetric oval cross-section. 
1 
— = 
r 
1 
— 
ro e  
1
rEs 
; cosCOS (2.1) 
where r is the radius of curvature at the point s along the curved length of the section, 4 
is the eccentricity of the section (4--- 0 represents a circle, whilst for 4 = 1, the minimum 
curvature is zero at the narrow part of the shell cross-section), Lo is the perimeter of the 
section and ro is the radius of a circular section with the same perimeter (Figure 2.1). 
2.2.2 Ellipse 
An ellipse is a special case of an oval and can be described mathematically as 
()2 I +(I =1 
a 	b 
(2.2) 
where y and z are the Cartesian coordinates, a is half of the larger outer diameter and b 
is half of the smaller outer diameter as shown in Figure 2.2. The aspect ratio of an 
ellipse is defined as alb and the radius of curvature at the ends of the minor (z-z) axis, 
rmin is b2/a whilst the corresponding radius of curvature at the ends of the major (y-y) 
axis, rmax is a2/b. 
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Figure 2.1: Geometry of an oval Figure 2.2: Geometry of an ellipse 
2.2.3 Comparison between oval and elliptical geometry 
Romano and Kempner (1958) showed that a non-circular section defined by Equation 
2.1 was of comparable shape to an ellipse provided 0 < 4 < 1. The relationship between 
the eccentricity of an oval, 4 and the aspect ratio of an ellipse, a/b was derived and 
detailed in Romano and Kempner (1958) and is given by Equation 2.3. 
It is worth noting that for 4 = 0, Equation 2.3 exactly represents a circle with a/b = 1, 
whilst for 4 = 1, the corresponding aspect ratio is 2.06. 
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The geometry of a quarter oval with = 1 and a quarter ellipse of a/b = 2.06 is plotted 
in Figure 2.3. The distinctive difference is observed at the end of the major (y-y) axis 
where the radius of curvature of the oval is infinity, whilst for an ellipse, there is no 
zero curvature location and the ratio between the maximum radius of curvature and the 
minimum radius of curvature characterises the shape of the ellipse, 
rmax  
Tmin 
( a )3  
b 
(2.4) 
In the following discussions, an oval hollow section and an elliptical hollow section are 
abbreviated to OHS and EHS respectively. 
z 
Figure 2.3: Comparison between oval and elliptical geometry 
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2.3 Strut, plate and shell 
An understanding of the stability behaviour of a range of structural elements helps to 
position the stability response of an OHS/EHS in the existing structural framework. 
Therefore, in this section, the buckling and post-buckling behaviour of three elastic 
structural elements: (1) strut, (2) flat plate and (2) circular shell, under axial 
compression are briefly reviewed. Detailed appraisal of these elements can be found in 
many textbooks (Timoshenko and Gere, 1961; Allen and Bulson, 1980; Galambos, 
1998; Singer et al., 1998 and 2002; Teng and Rotter, 2004) and will not be reproduced 
in this thesis. 
2.3.1 Strut 
The equilibrium path for a pin-end perfect straight strut is shown in Figure 2.4. The 
linear elastic pre-buckling path follows Hooke's law and a new equilibrium 
configuration appears at the bifurcation point. The post-buckling path is practically 
horizontal and the equilibrium condition is considered to be neutral. The linear 
bifurcation load is given by the classical Euler equation, 
N, = 	L2  
rc 2EI 
cr 
	 (2.5) 
where E is the Young's modulus, I is the second moment of area about the relevant 
buckling axis and Lcr is the buckling (effective) length in the buckling plane considered. 
A 	Bifurcation point 
Neutral post-buckling path 
Characteristic axial displacement 
Figure 2.4: Bifurcation and post-buckling of a perfect strut 
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2.3.2 Plate 
The classical load-deformation response for a perfect axially compressed flat plate is 
shown in Figure 2.5. The linear elastic pre-buckling path follows Hooke's law and after 
bifurcation, the post-buckling path climbs above the bifurcation point but is less steep 
than the pre-buckling path. This element demonstrates stable post-buckling behaviour. 
The elastic bifurcation stress of a axially compressed flat plate, found by Bryan in 1891 
(Timoshenko and Gere, 1961) is given by Equation 2.6. 
Krt2E " t 
acr,plate 
12(1— v 2 )0v) 
	 (2.6) 
where w is the plate width, t is the plate thickness, v is the Poisson's ratio of the 
material and K is a buckling coefficient dependant on the aspect ratio and the boundary 
conditions of the plate. 
• Bifurcation point 
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Stable post-buckling path 
Characteristic axial displacement 
Figure 2.5: Bifurcation and post-buckling of a perfect plate 
2.3.3 Shell 
The equilibrium path for a perfect axially compressed circular shell is illustrated in 
Figure 2.6. It shows a similar elastic response to a perfect strut and a perfect plate 
before bifurcation, but a rapid loss in load carrying capacity once buckling is observed, 
the post-buckling behaviour being highly unstable. 
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The classical elastic buckling stress of a circular shell, found independently by Lorenz 
in 1908, Timoshenko in 1910 and Southwell in 1914 (Teng and Rotter, 2004) is given 
by Equation 2.7. 
a cr,sh el 1 = 
 
E 	t 
(2.7) 
   
V3(1— v 2 ) r 
where r and t are the radius of curvature and thickness of the circular shell, respectively. 
The elastic buckling stress of a circular shell also depends on the length of the cylinder, 
due to the influence of the boundary conditions. The greater the length of the cylinder, 
the lower the buckling stress. The elastic buckling stress of a circular shell, including 
length effects, is given in Eurocode 3 Part 1.6 (EN 1993-1-6, 2007) by Equation 2.8. 
E 
CY cr,shell,L — I   Cx 
A/3(1— v2 ) r 
(2.8) 
where Cx is a coefficient defined by the relative length of the circular shell: for medium-
length cylinders (1.7(rt)hI'2 < length < 0.5r(r/01/2), Cx = 1, whilst for short cylinders 
(length < 1.7(re)  1/2s , ) 	Cx is greater than 1 and for long cylinders (length > 0.5r(r/t)1/2), Cx 
is less than 1. 
By varying the eccentricity/aspect ratio, the geometry of an OHS/EHS is bounded by a 
flat plate and a circular shell, therefore, its structural behaviour may also be assumed to 
be characterised as intermediate between these two structural elements. 
Bifurcation point 
Unstable post-buckling path 
o• 
Characteristic axial displacement 
Figure 2.6: Bifurcation and post-buckling of a perfect shell 
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2.4 Axial compression 
Extensive analytical work on elastic buckling of OHS/EHS under axial compression 
was conducted in the 1950s and 1960s particularly by the aeronautical industry. The 
earliest investigation into the stability of an oval shell under axial compression was 
conducted by Marguerre (1951), who obtained the elastic buckling stress and the 
buckled mode shape of OHS defined by Equation 2.1, by means of an assumed 
deflection function. The maximum deflection was found to be close to, but not at, the 
point of maximum radius of curvature whilst the deflection was shown to be zero at the 
exact point of maximum radius of curvature. Kempner (1962) examined the buckling 
response of OHS using a different deflection function to Marguerre (1951) and 
concluded that the elastic buckling stress could be accurately predicted by the buckling 
stress of a circular hollow section (CHS) with a radius equal to the maximum radius of 
curvature of the OHS and that the solution was a lower bound. The maximum 
deflection was found to occur at the point of maximum radius of curvature, contrary to 
Marguerre's (1951) results. The effect of length on the buckling behaviour of OHS 
tubes with clamped ends was also studied by Feinstein et al. (1971a and b) who 
observed noticeable deviations in elastic buckling stress from the case of tubes of 
infinite length. 
Kempner and Chen (1964) analysed the post-buckling behaviour of OHS, revealing that 
the higher the aspect ratio of the OHS, the more stable the post-buckling behaviour 
(approaching a flat plate response) and, the lower the aspect ratio, the more unstable the 
post-buckling behaviour (approaching a circular shell response). It was also found that 
the smaller the ratio between the radius ro and the thickness t, the less stable the post-
buckling behaviour. Kempner and Chen (1966) later found that load carrying capacities 
above the bifurcation load would be attained for OHS with high aspect ratios, due to the 
redistribution of stresses to the stiff major axis regions of high curvature of the section. 
The buckling and initial post-buckling behaviour of elliptical hollow sections was first 
studied by Hutchinson (1968). Hutchinson (1968) concluded that Kempner's (1962) 
proposal whereby the elastic buckling stress of an OHS could be accurately predicted 
using the classical CHS formulation with an equivalent radius equal to the maximum 
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radius of curvature of the OHS, may also be applied to EHS, provided the shell is 
sufficiently thin. Hutchinson (1968) also found that EHS generally have unstable post-
buckling behaviour with the consequence of high imperfection sensitivity, which was 
contradictory to the findings of Kempner and Chen (1966) for OHS. However, upon 
extending his study to OHS, Hutchinson (1968) found this disparity to be related not to 
the differences in geometry between the considered oval and ellipse, but to the choice of 
deflection function used in the two analytical studies, and asserted that Kempner and 
Chen's (1966) deflection function was not suitable for examining the initial post-
buckling region. In the same year, Kempner and Chen (1968) extended their previous 
work (Kempner and Chen, 1966) and concluded that for OHS with small eccentricities 
(approaching a circular shell), imperfection sensitivity was indeed high, whilst for 
larger eccentricities (approaching a flat plate) post-buckling behaviour was stable, loads 
in excess of the elastic buckling load could be attained and sensitivity to imperfections 
was lower. 
Tennyson et al. (1971) carried out physical tests to assess the buckling behaviour of 
EHS with aspect ratios between 1 and 2. The tests confirmed both Hutchinson's (1968) 
conclusions regarding the high imperfection sensitivity of elliptical shells of aspect ratio 
close to unity and Kempner and Chen's (1968) conclusions concerning the attainment 
of loads beyond the elastic buckling load for EHS with larger aspect ratios. 
Experimental results of EHS with an aspect ratio of 2 exhibited an initial unstable post-
buckling behaviour similar to a circular shell, but the response quickly recovered to 
stable postbuckling behaviour, and the collapse loads (achieved when buckling 
propagated from the region with minimum radius of curvature to the region with 
maximum radius of curvature) exceeded the initial buckling loads. This was also found 
by Feinstein et al. (1971b). In 1976, Tvegraard (1976) showed that the extra load 
carrying capacity above the bifurcation load that had been predicted by Kempner and 
Chen (1966, 1968) and substantiated by the tests of Tennyson et al. (1971) may not be 
achieved when elastic-plastic material behaviour is considered, due to premature 
yielding of the major axis regions. Tvegraard (1976) also revealed that high aspect ratio 
elastic-plastic OHS were moderately imperfection sensitive, whilst the lower the aspect 
ratio, the greater the imperfection sensitivity. 
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2.5 Bending and shear 
2.5.1 Bending 
The first bending test on an elliptical tube is believed to have been conducted in the 
mid-nineteenth century. In 1845, Robert Stephenson (Collins, 1983; Ryall, 1999) was 
appointed to design a railway bridge (Britannia Bridge) over the Menai Straits in the 
UK. He considered viable design options and conducted a series of tests on the 
prototypes constructed from different hollow shapes to assess their structural 
capabilities. Elliptical hollow sections were one of his conceptual options. 
Lundquist and Burke (1935) carried out a series of tests on elliptical hollow sections 
under pure bending. The specimens were made of duralumin, with aspect ratios of 1.25 
and 1.67. The bending tests were carried out in the major axis bending arrangement and 
all specimens failed by elastic buckling. For specimens with a/b = 1.67, local buckling 
was observed at about a/3 from the extreme fibre. Results revealed that for a given a/t 
ratio, the maximum strength achieved increased with aspect ratio. This is primarily due 
to the increased local stiffness at the extreme compressive fibre which is associated with 
higher aspect ratios, leading to a higher load carrying capacity. Subsequent tests by 
Lundquist and Stowell (1942) on a broader range of specimens with aspect ratios, a/b of 
1.00, 1.25, 1.67, 2.50 echoed this finding but noted that there should be a limit at which 
lateral instability of a deep narrow beam becomes important. 
Heck (1937) and Gerard and Becker (1957) observed that when an EHS is under major 
axis bending, the maximum compressive stress coincides with the stiffest part of the 
cross-section (most resistant to local buckling), where the radius of curvature is at its 
minimum value and equal to b2/a. They found that the theoretical point of initiation of 
buckling can be deduced by considering the varying curvature expression for the EHS 
and the elastic bending stress distribution. For an ellipse, the radius of curvature, r is 
given by Equation 2.9. 
 
( 2 1— [1 — 
a` 
3 
(Z)2 2  
a ) 
 
a2 r = — 
b 
(2.9) 
   
where z is the distance from the neutral axis. 
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The elastic bending stress can be assumed to be proportional to the distance from the 
neutral axis, z as shown in Figure 2.7. By optimising (i.e. by finding the maximum 
value of) the function composed of the varying curvature expression (Equation 2.9) 
multiplied by the elastic bending stress distribution, the theoretical point of initiation 
can be shown to exist at a distance of 0.42a from the end of minor (z-z) axis. The 
corresponding radius of curvature is equal to 0.65a2/b. 
I 
I 
2b 
Figure 2.7: Location of critical radius of curvature in elastic major axis bending 
2.5.2 Shear 
Lundquist and Burke (1935) also conducted a series of tests on duralumin elliptical 
hollow sections under (1) torsion/pure shear and (2) combined transverse shear and 
bending about the major axis. Section aspect ratios, a/b of 1.25 and 1.67 were 
considered and all specimens failed below the elastic limit. It was observed that under 
torsion/pure shear, buckling initiated at the ends of major (y-y) axis where the radius of 
curvature is maximum and the elastic torsional buckling stress at failure could be 
accurately predicted by the buckling stress of a circular hollow section (CHS) with a 
radius equal to that maximum radius of curvature. For combined transverse shear and 
bending, experimental results demonstrated the anticipated degradation effect on 
bending resistance with increasing shear. As the pure transverse shear case is 
practically impossible to achieve, in order to attain the boundary value, extrapolation of 
test results from combined bending and shear tests were sought. Experimental results 
also revealed that the shear stress at failure in pure transverse shear was equal to 
approximately 1.25 times the shear stress at failure in torsion. 
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2.6 Other structural aspects 
2.6.1 Connections 
Complementary to investigations into the member strength of elliptical hollow sections, 
recent research into connections between elliptical hollow sections has also been 
performed. The behaviour of a typical X welded joint was studied by Choo et al. (2003), 
Bortolotti et al. (2003) and Pietrapertosa and Jaspart (2003). Choo et al. (2003) 
conducted numerical investigations with varying orientation of elliptical tubes with 
aspect ratio, a/b of 2 under axial compression. It was suggested that for the EHS joint 
configuration shown in Figure 2.8, higher capacities than corresponding CHS 
connections can be achieved. Bortolotti et al. (2003) and Pietrapertosa and Jaspart 
(2003) focused on the response on welded joints between elliptical hollow sections (a/b 
= 2) under pure tension and compression. Results from experimental and numerical 
studies were utilized to establish initial design recommendations. Gusset plate 
connections were being examined by Willibald et al. (2006). Experimental results on 
the behaviour of gusset plate connections to the ends of elliptical hollow sections under 
tension and compression were presented, and preliminary design rules were proposed. 
Figure 2.8: Configuration of EHS joint 
2.6.2 Concrete filled tubes 
Zhao et al. (2007) recently examined the composite behaviour of concrete filled 
elliptical hollow sections. It was found that a simple superposition model (steel strength 
plus concrete strength) provides a reasonable prediction of the composite strength of the 
concrete filled tubes. Roufegarinejad and Bradford (2007) have also presented 
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analytical models on the elastic local buckling of thin-walled elliptical tubes containing 
an elastic infill. 
2.7 Design specifications 
Currently, no Standard offers guidance for the structural design of elliptical hollow 
sections. But interestingly, the fabrication standard in Europe (EN 10210-2, 2006) does 
include elliptical hollow sections and provides geometric properties and tolerance limits. 
To develop the required codified design rules, this research aims to examine a range of 
structural configurations and establish a concise set of design rules in harmony with the 
existing design rules for circular hollow sections. Four current design standards will be 
examined, namely (1) European Standard, EN 1993-1-1 (2005) - Eurocode 3: Design of 
steel structures — Part 1-1: General rules and rules for buildings; (2) British Standard, 
BS 5950-1 (2000) - Structural use of steelwork in building — Part 1: Code of practice for 
design — Rolled and welded sections; (3) North American Standard, AISC 360 (2005) -
Specification for structural steel buildings and (4) Australian Standard, AS 4100 (1998) 
- Steel structures. These will be discussed in detail in the subsequent chapters. The 
terminology adopted in this thesis is principally in line with the Eurocode. 
2.8 Concluding remarks 
This chapter has presented an overview of previous research on oval and elliptical 
hollow sections. It serves as an introduction to the literature, which will be further 
reviewed, examined and utilised in the subsequent chapters. 
To date, research into hot-finished elliptical hollow sections has been limited. With the 
aid of previous studies, the present research aims to provide the required fundamental 
structural performance data and to develop comprehensive and efficient practical design 
guidance for elliptical hollow sections. 
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Axial compression 
3.1 Introduction 
This chapter focuses on the compressive resistance of elliptical hollow sections, and 
provides the results of 25 stub column tests and extensive numerical results. The 
experimental study included 25 material tensile coupon tests extracted from the tested 
cross-sections together with geometric imperfection measurements. All tested elliptical 
hollow sections had an aspect ratio of 2 and section sizes ranged from 150x75 up to 
500x250 mm. The generated structural performance data have been used to establish a 
relationship between cross-section slenderness and cross-section compressive resistance 
and to develop cross-section classification limits. The findings presented in this chapter 
have been reported by Chan and Gardner (in press) and Gardner and Chan (2007). 
The distinct feature of an elliptical hollow section (EHS) from other tubular sections is 
its varying radius of curvature around the circumference. This varies from a minimum 
rinin=b2/a at the ends of the cross-section minor (z-z) axis to a maximum rmax=a2/b at the 
ends of cross-section major (y-y) axis as shown in Figure 3.1. The associated stiffness 
of each constituent segment depends upon its corresponding radius of curvature. 
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The sum of these segments characterises the overall compressive response of the cross-
section, as given by Equation 3.1. 
Pm 
N = 	act dPm 	 • (3.1) 
where N is the axial load, cs, is the axial compressive stress, and t and Pm are the 
thickness and mean perimeter of the cross-section, respectively. Equation 3.1 allows 
for variation of axial compressive stress around the cross-section with the stiffer parts 
attracting more load. As described in Section 3.4, the test and numerical results indicate 
that stocky elliptical hollow sections offer greater load carrying capacity in comparison 
to their circular counterparts, due to the achievement of strain hardening in the stiffer 
regions of the section of low radii of curvature. 
 
b 
b 
 
a 	 a 
Figure 3.1: Geometry of an elliptical hollow section 
3.2 Experimental study 
A series of precise full-scale laboratory tests on EHS (grade S355), manufactured by 
Corus Tubes (Corns, 2006b), was performed in the Civil and Environmental 
Engineering Department Structures Laboratory at Imperial College London. The first 
series of tests comprised a total of 25 material tensile coupon tests and 25 cross-section 
capacity stub column tests. 
3.2.1 Tensile coupon tests 
The primary objective of the tensile coupon tests was to determine the basic engineering 
stress-strain behaviour of the material for each of the tested section sizes in this research. 
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Results were used to facilitate the numerical study described in Section 3.3 and the 
development of cross-section classification limits in Section 3.4 as well as the further 
investigations detailed in Chapters 4 to 6. Tests were carried out in accordance with 
EN 10002-1 (2001). 
Parallel coupons, each with the nominal dimensions of 360x30 mm or 320x20 mm, 
depending on section size, were machined longitudinally along the centreline of the 
flattest portions of each of the tested elliptical hollow sections. All tensile tests were 
performed using an Amsler 350 kN hydraulic testing machine. To ensure no slippage 
of the coupons in the jaws of the testing machine, pins were inserted into reamed holes 
located 20 mm from each end of the coupons. 
Linear electrical strain gauges were affixed at the midpoint of each side of the tensile 
coupons and a series of overlapping proportional gauge lengths was marked onto the 
surface of the coupons to determine the elongation parameters. Load, strain, 
displacement and input voltage were all recorded using the data acquisition equipment 
DATASCAN and logged using the DALITE and DSLOG computer packages. Mean 
measured dimensions and the key results from the 25 tensile coupon tests are reported 
in Table 3.1. 
3.2.2 Stub column tests 
Stub column tests were conducted to develop a relationship between cross-section 
slenderness, deformation capacity and load-carrying capacity for elliptical hollow 
sections under uniform axial compression. A total of 25 stub column tests were 
performed. Full load-end shortening histories were recorded, including into the post-
ultimate range. The nominal length of the stub columns was two times the larger outer 
diameter (2x2a = 4a) of the cross-section. This was deemed sufficiently long to ensure 
that the stub columns contained a representative distribution of geometric imperfections 
and residual stresses and to minimise the influence of the end conditions, but suitably 
short to avoid overall column buckling. The ends of the tubes were milled flat and 
square. Four linear variable displacement transducers (LVDTs) were located between 
the parallel end-platens of the testing machine to determine the average end shortening 
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Table 3.1: Mean measured dimensions and key results from the tensile coupon tests 
Coupons 
Width 
htc 
(mm) 
Thickness 
t 
(mm) 
Young's 
modulus 
E 
(N/mm2) 
Yield stress 
fy 
(N/mm2) 
Ultimate 
tensile stress 
ft, 
(N/mm2) 
150x75x4.0-TC1 19.99 4.15 217400 380 512 
150 x75x4.0-TC2 20.03 4.16 217700 373 514 
150x75x5.0-TC1 20.06 5.10 216900 374 506 
150x75x5.0-TC2 20.15 5.08 217200 364 503 
150 x75x6.3-TC1 19.90 6.43 217700 381 509 
150 x75x6.3-TC2 19.93 6.36 215200 400 515 
150 x75x6.3-TC3 29.97 6.30 212100 406 517 
150 x75x6.3-TC4 29.91 6.35 221100 415 541 
150x75x8.0-TC1 29.97 8.30 209500 369 502 
150x75x8.0-TC2 29.93 8.35 216700 386 518 
300x 150x8.0- TC1 29.90 7.63 217700 415 536 
300 x 150 x8.0-TC2 29.95 7.67 209600 419 537 
300 x 150 x8.0-TC3 29.93 7.79 215100 405 525 
400 x200 x 8.0-TC1 29.60 7.53 222000 434 559 
400 x200 x8.0-TC2 29.60 7.62 221200 424 541 
400x200x10.0-TC1 30.05 9.52 191800 396 527 
400x200x10.0-TC2 30.07 9.54 202400 406 540 
400x200x12.5-TC1 29.25 12.03 215200 388 525 
400x200x12.5-TC2 29.26 11.98 215000 402 544 
400x200x14.0-TC1 29.49 14.34 220100 387 533 
400x200x14.0-TC2 29.55 14.33 220100 408 535 
400 x200x16.0-TC1 29.98 15.13 221200 377 531 
400x200x16.0-TC2 30.00 15.33 221300 380 519 
500 x 250 x 8.0-TC1 29.72 7.59 219900 409 532 
500 x250 x 8.0-TC2 29.57 7.56 227700 417 540 
MEAN 216000 397 526 
COV 0.03 0.05 0.03 
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of the stub columns. Four linear electrical resistance strain gauges were affixed to each 
specimen at mid-height, and at a distance of five times the material thickness from the 
ends of cross-section minor axis. The strain gauges were initially used for alignment 
purposes. The testing arrangement is shown in Figure 3.2. Load, strain, displacement, 
and input voltage were all recorded using the data acquisition equipment DATASCAN 
and logged using the DALITE and DSLOG computer packages. The mean measured 
dimensions of the stub columns are summarised in Table 3.2. The cross-section area A 
was calculated from Equation 3.2, 
A=Pm xt 	 (3.2) 
where Pm is the mean perimeter and t is the thickness of the elliptical hollow section. 
The exact mean perimeter Pm can be obtained by integrating around the circumference 
of the ellipse to give Equation 3.3. 
(3.3) 
n 
Pm = 4a m ii 
A 
2 A sin 2 cp + b . 2 	
2 cos (f) u(l) 
a m 
in which am = (2a - t)/2, brr, = (2b - t)/2 and cp is the angle for each element measured 
from the z-z axis, as shown in Figure 3.1. 
Ramanujan (Almkvist and Berndt, 1988) proposed the approximate formula of Equation 
3.4, 
Pm = Tr(a m +b m )
( 
 1+ 	
3h m 
10 +V4 —3h m j  
(3.4) 
where am and bm are defined as above and h,„ = (am - bm)2/ (am + bm)2. The maximum 
deviation of the approximate formula of Equation 3.4 for determining the perimeter of 
an ellipse compared to the exact solution of Equation 3.3 is only -0.04%. A simpler 
approximate formula (Equation 3.5) is also provided in EN 10210-2 (2006) for the 
determining the mean perimeter of an ellipse. 
Pm =n(a m +b m )(1+ 0.2511m ) 	 (3.5) 
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For an aspect ratio, a/b of 2, the deviation of Equation 3.5 from the exact solution of 
Equation 3.3 is only -0.02%. However, as the aspect ratio increases, the maximum 
deviation increases up to -1.8%. 
It should also be noted that EN 10210-2 (2006) recommends that the cross-section area 
of an elliptical hollow section be evaluated through Equation 3.6. 
A = 4 [(2a x 2b) — (2a — 2t) x (2b — 2t)] 	 (3.6) 
However, Equation 3.6 consistently underestimates the cross-section area of an EHS 
with constant thickness due to the implicit non-uniform thickness distribution inherent 
in the formulation. For example, for a typical EHS of dimensions 2a = 400 mm, 2b = 
200 mm and t = 10 mm, Equation 3.2 yields A = 9384 mm2 whereas Equation 3.6 gives 
A = 9111 mm2; an underestimation of 2.9%. For accuracy, it is therefore recommended 
that Equations 3.2 and 3.4 be adopted for the determination of the cross-section area of 
an EHS, and this approach has been used throughout this research. 
(a) Schematic setup 	 (b) Experimental setup 
Figure 3.2: Stub column test arrangement 
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Table 3.2: Mean measured dimensions of stub column specimens 
Stub columns 
Larger 
outer 
diameter 
2a 
(mm) 
Smaller 
outer 
diameter 
2b 
(mm) 
Thickness 
t 
(mm) 
Area 
A 
(mm2) 
Length 
L 
(mm) 
Measured 
maximum 
local 
imperfection 
coo 
(mm) 
150x75x4.0-SC1 150.44 75.60 4.18 1471 300.0 0.04 
150 x75x4.0-SC2 150.47 75.40 4.22 1484 300.0 0.07 
150x75x5.0-SC1 150.17 75.80 5.08 1775 300.0 0.05 
150x75x5.0-SC2 150.19 75.68 5.14 1791 300.0 0.08 
150 x75 x6.3-SC1 148.66 75.98 6.27 2150 300.0 0.04 
150 x75 x 6.3-SC2 148.77 75.95 6.28 2156 300.0 0.06 
150 x75 x 6.3-SC3 149.83 74.87 6.52 2236 451.3 0.07 
150 x75 x 6.3-SC4 150.24 75.16 6.34 2184 298.5 0.05 
150 x75 x8.0-SC1 150.11 75.10 8.66 2920 302.6 1.75 
150 x75 x8.0-SC2 149.17 75.07 8.51 2859 297.2 0.12 
300x150x8.0- SC1 299.67 149.99 7.95 5578 598.7 1.09 
300 x150x8.0-SC2 300.04 149.79 7.97 5595 599.4 0.33 
300 x150x8.0-SC3 301.64 148.90 7.80 5493 600.1 0.22 
400x200x8.0-SC1 395.73 207.36 7.63 7228 799.5 0.78 
400 x200x8.0-SC2 399.41 202.70 7.65 7250 799.4 1.04 
400 x200x 10.0-SC1 394.55 209.49 9.60 9044 799.4 0.82 
400 x200x 10.0-SC2 396.20 207.16 9.56 9004 799.8 0.50 
400x200x 12.5-SC1 402.20 200.41 12.01 11249 799.9 0.49 
400x200x 12.5-SC2 402.31 199.47 12.07 11285 799.5 0.32 
400x200x14.0-SC1 400.51 199.47 14.42 13341 799.7 0.45 
400x200x 14.0-SC2 399.59 201.91 14.43 13369 800.0 0.69 
400x200x 16.0-SC1 403.45 201.18 15.35 14267 799.6 0.15 
400x200x 16.0-SC2 403.43 200.63 15.37 14273 799.7 0.35 
500x250x8.0-SC1 492.35 261.20 7.59 9019 1000.0 0.75 
500x250x8.0-SC2 488.42 259.09 7.63 8992 999.8 0.86 
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Initial geometric imperfection was traced by employing mechanical dial gauge indicator 
running along the centrelines of the faces of the stub column specimens. The 
measurement is corrected with reference to the datum taken as a straight line connecting 
the ends of each stub column face. The primary aim of this exercise was to record the 
maximum amplitudes of imperfections inherent in hot-finished elliptical tubes; 
information on the form of the imperfections was also traced. The maximum amplitude 
of imperfection for each tested specimen is reported in Table 3.2. 
The full load-end shortening histories from the stub column tests were recorded and are 
depicted in Figures 3.3 to 3.14. The key results from the stub column tests have been 
summarised in Table 3.3 where the ultimate test load Nu has been normalised by the 
yield load Ny = Afy. Values for the ratio Nu/Ny of greater than unity indicate that the 
cross-sections are capable of reaching the yield load. For slender sections, however, 
this ratio may be less than unity due to local buckling in the elastic material range. 
Figures 3.9 and 3.14 show the load-end shortening histories for this type of failure. For 
sections where Nu/Ny is greater than unity, two patterns of load-end shortening histories 
were observed. Moderately stocky sections reach and maintain the yield load (along the 
plastic yield plateau) before failing by inelastic local buckling, examples of which are 
shown in Figures 3.3, 3.4, 3.10 and 3.11. For very stocky sections, as shown in Figures 
3.5, 3.6, 3.7, 3.12 and 3.13, the load-end shortening behaviour enters the material strain-
hardening regime before local buckling occurs, resulting in ultimate loads greater than 
the yield load. The full load-end shortening response of the stockiest elliptical hollow 
sections may be best explained with reference to Figure 3.7, which shows the results for 
the 150x 75 x8.0 stub columns. The load-end shortening curves may be considered as 
four regions (labelled 1 to 4 in Figure 3.7). The first region is the elastic loading path 
which is controlled by the Young's modulus of the material. The second region is the 
plastic yield plateau which is related to the yield plateau of the material, with the 
intersection between regions 1 and 2 corresponding to the yield load Ny. The third 
region reflects the strain-hardening of the material and extends up to the ultimate load 
Nu, whereupon inelastic local buckling prevents any further increase in load carrying 
capacity. Region 4 represents the unloading path of the stub columns where growth of 
local buckles and spreading of plasticity occur. 
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Table 3.3: Summary of results from the stub column tests 
Stub columns Ultimate load Nu (kN) End shortening at Nu, 8„ (mm) Nu/Ny 
150x75x4.0-SC1 538 0.6 0.97 
150x75x4.0-SC2 554 1.2 0.99 
150x75x5.0-SC1 689 0.7 1.05 
150x75x5.0-SC2 700 2.5 1.06 
150x75x6.3-SC1 896 9.5 1.07 
150x75x6.3-SC2 935 11.6 1.11 
150x75x6.3-SC3 931 13.7 1.01 
150x75x6.3-SC4 952 10.5 1.06 
150x75x8.0-SC1 1367 18.2 1.24 
150x75x8.0-SC2 1435 18.8 1.33 
300x150x8.0- SC1 2777 1.7 1.19 
300x 150x8.0-SC2 2792 1.5 1.20 
300x 150x8.0-SC3 2574 1.16 
400x200x8.0-SC1 2961 1.5 0.95 
400x200x8.0-SC2 3081 2.2 0.99 
400x200x10.0-SC1 3521 2.4 0.97 
400x200x10.0-SC2 3693 2.3 1.02 
400x200x12.5-SC1 4727 2.4 1.06 
400x200x12.5-SC2 4623 7.4 1.04 
400x200x14.0-SC1 5610 18.7 1.06 
400x200x14.0-SC2 5610 19.1 1.06 
400x200x16.0-SC1 6310 24.8 1.17 
400x200x16.0-SC2 6159 21.4 1.14 
500x250x8.0-SC1 3684 2.5 0.99 
500x250x8.0-SC2 3546 2.8 0.96 
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Figure 3.3: 150 x 75 x 4.0 stub column load-end shortening curves 
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Figure 3.4: 150 x 75 x 5.0 stub column load-end shortening curves 
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Figure 3.5: 150x 75 x 6.3 stub column load-end shortening curves 
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Figure 3.6: 150x 75 x 6.3 stub column load-end shortening curves 
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Figure 3.7: 150x 75 x 8.0 stub column load-end shortening curves 
0 	 3 	 6 	 9 	 12 
End shortening 8 (mm) 
Figure 3.8: 300 x 150 x 8.0 stub column load-end shortening curves 
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Figure 3.9: 400 x 200 x 8.0 stub column load-end shortening curves 
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Figure 3.10: 400x 200x 10.0 stub column load-end shortening curves 
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Figure 3.11: 400 x 200 x 12.5 stub column load-end shortening curves 
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Figure 3.12: 400x 200x 14.0 stub column load-end shortening curves 
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Figure 3.13: 400x 200x 16.0 stub column load-end shortening curves 
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Figure 3.14: 500 x 250 x 8.0 stub column load-end shortening curves 
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3.3 Numerical simulations 
A numerical modelling study, using the finite element (FE) package ABAQUS (2006), 
was carried out in parallel with the experimental programme. The primary aims of the 
study were to replicate the experimental tests and, having validated the models, to 
perform parametric studies. The elements chosen for the FE models were 4-noded, 
reduced integration shell elements with six degrees of freedom per node, designated as 
S4R in the ABAQUS element library, and suitable for thin or thick shell applications 
(ABAQUS, 2006). These elements have been shown to perform well in similar 
applications (Ellobody and Young, 2005; Tutuncu and O'Rourke, 2006; Teng and Hu, 
2007). A uniform mesh density was carefully chosen by carrying out a mesh 
convergence study based on elastic eigenvalue predictions with the aim of achieving 
accurate results whilst minimising computational effort. A suitable mesh size was 
found to be 2a/10(a/b) x 2a/10(a/b) mm with the upper bound of 20x20 mm. 
The stub column tests were modelled using the measured dimensions of the test 
specimens and measured material stress-strain data. The form of local geometric 
imperfections was taken to be the lowest elastic eigenmode pattern, typically 
symmetrical in shape, an example of which is shown in Figure 3.15. The local 
imperfection amplitude coo was considered as three fixed fractions of the material 
thickness t (t/10, t/100 and t/500) in addition to the measured imperfection values. No 
residual stresses measurements were performed in this research. However, two 
observations indicated that the level of residual stresses in the hot-finished EHS was 
low: (1) negligible deformations occurred when the material tensile coupons were 
machined from the cross-sections and (2) a distinct yield point was seen in both the 
tensile coupon results and the stub column results, which high residual stresses would 
erode. For these reasons, residual stresses were not incorporated into the numerical 
models. The true stress-strain relations were generated from the engineering stress-
strain curves obtained from the tensile coupon tests and material non-linearity was 
incorporated into the numerical models by means of a piecewise linear stress-strain 
model to mimic, in particular, the strain-hardening region. Boundary conditions were 
applied to model fixed ends and this was achieved by restraining all displacements and 
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rotations at the base of the stub columns, and all degrees of freedom except vertical 
displacement at the loaded end of the stub columns; this vertical displacement was 
monitored throughout the analysis. The modified Riks method (ABAQUS, 2006) was 
employed to solve the geometrically and materially non-linear stub column models, 
which enabled the unloading behaviour to be traced. The numerical failure mode of 
EHS 150x75x4.0-SC2 is illustrated in Figure 3.16 and compared with the 
corresponding deformed test specimen. Results of the numerical simulations are 
tabulated in Table 3.4, in which the ratios between the FE ultimate load and the 
experimental ultimate load are shown and compared for different imperfection levels. 
Figure 3.15: Typical symmetrical eigenmode shape (150 x 75 x 4.0 — SC2) 
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-100 
  
 
-0 
mm 
(a) Numerical simulation 	 (b) Laboratory test 
Figure 3.16: Typical failure mode (150x 75 x 4.0 — SC2) 
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Table 3.4: Comparison of the stub column test results with FE results for varying 
imperfection amplitude coo 
Stub columns 
FE Nu/Test Nu 
coo=t/10 coo=t/100 coo=t/500 Measured (00 
150x75x4.0-SC1 1.01 1.03 1.05 1.03 
150x75x4.0-SC2 0.99 1.01 1.02 1.01 
150x75x5.0-SC1 0.94 0.97 1.00 0.97 
150x75x5.0-SC2 0.93 0.96 1.02 0.95 
150x75x6.3-SC1 0.93 0.99 1.08 1.02 
150x75x6.3-SC2 0.90 0.95 1.04 0.96 
150x75x6.3-SC3 0.98 1.01 1.03 1.00 
150x75x6.3-SC4 0.95 1.04 1.07 1.04 
150x75x8.0-SC1 0.93 1.10 1.11 0.84 
150x75x8.0-SC2 0.83 1.01 1.03 1.00 
300x 150x8.0-SC1 0.83 0.84 0.84 0.82 
300x150x8.0-SC2 0.82 0.84 0.84 0.83 
300x150x8.0-SC3 0.85 0.87 0.87 0.86 
400x200x8.0-SC1 1.03 1.05 1.05 1.03 
400 x200x8.0-SC2 0.99 1.01 1.01 0.99 
400x200x10.0-SC1 1.01 1.03 1.03 1.02 
400x200x10.0-SC2 0.96 0.98 0.98 0.97 
400x200x12.5-SC1 0.93 0.95 0.97 0.94 
400x200x12.5-SC2 0.95 0.98 0.99 0.97 
400x200x14.0-SCI 0.94 1.02 1.08 0.98 
400x200x14.0-SC2 0.94 1.03 1.09 0.97 
400x200x16.0-SC1 0.87 1.00 1.04 1.00 
400x200x16.0-SC2 0.89 1.02 1.03 0.98 
500x250x 8.0-SC1 0.99 1.00 1.01 0.99 
500x250x8.0-SC2 1.03 1.04 1.05 1.02 
MEAN 0.94 0.99 1.01 0.97 
COV 0.07 0.06 0.07 0.07 
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Replication of test results has been found to be satisfactory with the numerical models 
able to successfully capture the observed stiffness, ultimate load, general load-end 
shortening response and failure patterns. Comparison between test and FE results are 
shown for EHS 150x75x4.0-SC2 and EHS 150x75x5.0-SC1 in Figures 3.17 and 3.18, 
respectively. The ultimate loads of the three stub columns of section size 300x150x8.0 
are consistently under-predicted by the numerical models, regardless of the 
imperfection amplitude. Possible explanations for this under-prediction include 
variation of the material thickness around the cross-section and along the length of the 
stub columns and variation in material yield strength (either around the cross-section or 
between tensile and compressive properties). 
Sensitivity to imperfections is generally relatively low, with the stockier sections 
showing the greatest variation in response. For example, in the case of the EHS 
150x75 x 8.0 models, the ultimate load reduces by 20% with an increase of imperfection 
amplitude from t/100 to t/10. This sensitivity is due to the level of strain-hardening 
achieved by the constituent elements before local buckling occurs. The less stocky 
sections lie on or marginally below the yield plateau and are therefore less sensitive (in 
terms of ultimate load) to variation in the point of local buckling. Increased sensitivity 
would be anticipated for slender elliptical hollow sections where the yield load and 
elastic buckling load were of similar value. 
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Figure 3.17: 150 x 75 x 4.0 — SC2 stub column load-end shortening curves (FE imperfection = t/100) 
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Figure 3.18: 150 x 75 x 5.0 — SCI stub column load-end shortening curves (FE imperfection = t/100) 
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Having verified the general ability of the FE models to replicate test behaviour for EHS 
with an aspect ratio of 2, a series of parametric studies were conducted. The primary 
aim of the parametric studies was to investigate the influence of cross-section 
slenderness and aspect ratio on the ultimate load carrying capacity. A piecewise linear 
material stress-strain model was developed from the tensile coupon tests conducted on 
the 150x75x6.3 sections, and is shown in Figure 3.19. Initial geometric imperfections 
in the non-linear parametric analyses adopted the form of the lowest elastic eigenmode 
with an amplitude coo of t/100, which has demonstrated the best agreement with the test 
results (Table 3.4). The section sizes considered in the parametric studies were 
150x150, 150x75 and 150x50 with varying thicknesses to cover a spectrum of cross-
section slendernesses. The results have been utilized for the validation of proposed 
slenderness parameters and cross-section classification limits for elliptical hollow 
sections and are discussed in detail in the following section. 
600 
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0 • 	 
0.00 0.05 	 0.10 	 0.15 	 0.20 
Strain 
Figure 3.19: Piecewise linear stress-strain model 
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3.4 Cross-section classification 
Axial compression represents one of the fundamental loading arrangements for 
structural members. For cross-section classification under pure compression, of 
primary concern is the occurrence of local buckling in the elastic material range. 
Cross-sections that reach the yield load are considered Class 1-3 (fully effective), whilst 
those where local buckling of the slender constituent elements prevents attainment of 
the yield load are Class 4 (slender). For uniform compression, the cross-section 
slenderness parameter has been determined by consideration of the elastic critical 
buckling stress. 
The elastic critical buckling stress acr of a uniformly compressed oval shell may be 
closely approximated by substituting the expression for the maximum radius of 
curvature rmax into the classical buckling stress of a circular cylinder (Kempner, 1962), 
as given by Equation 3.7 . 
E 
Ger = / 	  
A/3(1 — v2 )(rn../t) 
(3.7) 
where E is the Young's modulus, v is the Poisson's ratio and t is the thickness of the 
shell. This assumes that buckling initiates at the point of maximum radius of curvature 
and ignores the restraining effect of the surrounding material of lower radius of 
curvature and the influence of the boundary conditions. This approximation provides a 
lower bound solution to the critical buckling stress of an oval section. 
For an elliptical section, the maximum radius of curvature occurs at the ends of the 
cross-section major (y-y) axis, and may be shown to be equal to a2/b. Thus, the elastic 
critical buckling stress for an elliptical cylinder may be approximated by Equation 3.8. 
E 
act. 	V3(1 — v 2 )(a2/bt) 
(3.8) 
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Note that for the case where a = b, Equation 3.8 reverts exactly to the elastic critical 
buckling stress of a circular cylinder, whilst for high a/b ratios the critical buckling 
stress approaches that predicted by the classical buckling expression for a flat plate. 
With reference to Equation 3.8, it is therefore proposed that under compression, the 
cross-section slenderness of an elliptical hollow section is defined as 
De = 2 (a2/b)  
ts2 	tE2 
(3.9) 
where De is the equivalent diameter and c2= 235/fy to allow for a range of yield 
strengths. The relationship between test Nu/Ny and the resulting cross-section 
slenderness parameter 2(a2/b)/tc2 is plotted in Figure 3.20. A value of Nu/Ny greater 
than unity represents meeting of Class 1-3 requirements, whilst a value less than unity 
indicates a Class 4 section where local buckling prevents the yield load from being 
reached. Figure 3.20 demonstrates the anticipated trend of reducing values of Nu/Ny 
with increasing slenderness. For comparison, existing compressive test data from 
circular hollow sections (CHS) have also been added to Figure 3.20. Both hot-finished 
(Giakoumelis and Lam, 2004; Teng and Hu, 2007) and cold-formed (Sakino et al., 2004; 
Tutuncu and O'Rourke, 2006) CHS data have been included, since these are both 
treated similarly in structural design (because for cold-formed structural hollow sections, 
Eurocode 3 Part 1-3 (EN 1993-1-3, 2006) simply refers designers to Eurocode 3 Part 1-
1 (EN 1993-1-1, 2005) for hot-finished sections). It is worth noting that the material 
yield stress for the presented hot-finished CHS data ranges from 334 N/mm2 to 365 
N/mm2 whereas the 0.2% proof stress of the presented cold-formed CHS data ranges 
between 283 N/mm2 and 835 N/mm2. Comparing the performance of the tested 
elliptical hollow sections with their circular counterparts (Figure 3.20) shows, 
particularly in the stocky range, that the EHS generally exhibit superior load-carrying 
capacity; this is more clearly evident from the FE results shown in Figure 3.21. The 
greater load-carrying capacity of the stocky EHS is believed to result from the higher 
level of strain-hardening achieved by stiffer regions of the section that have low radii of 
curvature. For more slender sections, local buckling occurs before the strain hardening 
regime is reached. A lower bound to the experimental results suggests that the Class 3 
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slenderness limit of 90 from EN 1993-1-1 (2005) for circular hollow sections (CHS) 
can be safely adopted for EHS based upon the proposed cross-section slenderness 
parameter (Equation 3.9). The equivalent semi-compact slenderness limit given in BS 
5950-1 (2000) and the non-compact limiting value in AISC 360 (2005), both of which 
have a value of 94 (having converted to the Eurocode base material strength of 235 
N/mm2) and the corresponding yield slenderness limit given in AS 4100 (1998), which 
has a converted value of 87 are also valid. 
In addition to experimental results, results from the described parametric studies on 
elliptical hollow sections with aspect ratios, a/b of 1, 2 and 3 have also been plotted in 
Figure 3.21. As noted above, for stocky sections, increasing aspect ratio leads to 
increased load carrying capacity for a given cross-section slenderness, a feature 
believed to be related to the achievement of strain hardening in the stiffer parts of the 
section. For the highest aspect ratio considered (a/b = 3), the FE ultimate loads 
converge to the yield load at slenderness of about 150. For the lower aspect ratios (a/b 
= 1 and 2) the FE Nu/Ny converges to unity by a slenderness of about 90. Overall, the 
FE results echo the experimental findings on the appropriateness of adopting the Class 3 
CHS slenderness limit of 90 from EN 1993-1-1 (2005) for EHS. The equivalent CHS 
slenderness limits from BS 5950-1 (2000), AISC 360 (2005) and AS 4100 (1998) may 
also be adopted in conjunction with the proposed measure of slenderness for EHS. 
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Figure 3.21: Comparative studies between experimental and parametric results 
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Having identified a suitable slenderness limit below which the yield load of the cross-
section may be obtained, it is instructive to consider the treatment of more slender 
sections. The elastic buckling stress crc, of an elliptical hollow section in compression 
may be approximated through Equation 3.10, 
E 
G er 	  
V3(1— v 2 )(De / 2t) 
(3.10) 
where De is the equivalent diameter (2a2/b), E is the Young's modulus and v is the 
Poisson's ratio. Plotting the normalised ultimate loads Nu/Ny (= crify) from the test 
specimens (which represent the current range of commercially available elliptical 
hollow sections) against the measure of slenderness fy/ocr yields Figure 3.22. The 
relationship between this measure of slenderness (fy/cscr) and the proposed cross-section 
slenderness parameter (De/tc2) is given by Equation 3.11. 
	
fy 	2353(1— v2) (De 
cr 	2E 	\ tE 2  
(3.11) 
The non-dimensionalised material yield stress fy and the elastic buckling stress aer have 
also been added to Figure 3.22. These two bounds indicate that the cross-section 
compression resistance of the practical range of available elliptical hollow sections 
would be expected to be dominated by material yielding, which has indeed been shown 
to be the case from the tests and finite element results. Figure 3.22 also illustrates why 
the test and FE results for the slender sections of Figure 3.21 appear to converge to the 
yield load Ny; clearly, although local buckling features in the examined slenderness 
range, far higher cross-section slenderness is necessary before elastic buckling becomes 
dominant. 
Failure to reach the yield load in compression due to the occurrence of local buckling is 
generally treated in design using either an effective stress or an effective area approach, 
with recent trends favouring the latter. A preliminary effective area formula (Aeff) for 
Class 4 (slender) elliptical hollow sections has been developed with reference to the 
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formulation for circular hollow sections in BS 5950-1 (2000). This preliminary formula 
is given by Equation 3.12. 
For the current practical range of elliptical hollow sections, based upon the 
experimental and numerical results, Equation 3.12 has been found to be conservative 
and can be safely adopted for Class 4 (slender) elliptical hollow sections. 
• Hot-finished EHS 
• 	 Elastic buckling 
Material yielding 
0.0 	0.2 	0.4 	0.6 	0.8 	1.0 	1.2 	1.4 
fylaCr 
Figure 3.22: Ultimate strength of hot-finished EHS under uniform axial compression 
Further research on the elastic buckling of elliptical tubes has been conducted by Ruiz-
Teran and Gardner (submitted), where a more efficient formula for the definition of 
equivalent diameter and hence slenderness parameter has been proposed. A simple 
analytical model was developed to (1) describe the boundary behaviour (circular shells 
and flat pates) and intermediate behaviour of elliptical sections and (2) examine the 
influence of the aspect ratio and relative thickness of the section on the structural 
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behaviour. Numerical simulations using the finite element package ABAQUS (2006) 
were also carried out. Based on the results from the analytical and numerical studies, 
for the current practical range of elliptical hollow sections, a simple expression for the 
equivalent diameter was deduced and is given by Equation 3.13. 
De = 	
b 
2a[l + f.(' —1)1 
where f is obtained from Equation 3.14, 
116 
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2a 
(3.13) 
(3.14) 
With reference to Equations 3.13 and 3.14, the corresponding cross-section slenderness 
of an elliptical hollow section is therefore defined as 
D 	b 
l+f(a -1)1 
e 
= 2a 
[  
tE 2 	 tE 2 
(3.15) 
where De is the equivalent diameter and c2= 235/fy to allow for a range of yield 
strengths. 
A comparison of CHS and EHS test data in compression is shown in Figure 3.23. For 
EHS, the results are plotted on the basis of the equivalent diameters proposed in this 
research (Equation 3.9) and by Ruiz-Teran and Gardner (submitted, Equation 3.15). 
Regression curves have also been added for the three data sets in the figure. The results 
demonstrate that both slenderness parameters for EHS are conservative in comparison 
to CHS, but the proposal by Ruiz-Teran and Gardner (submitted) yields closer 
agreement between the two section types, and increases the number of sections from the 
current range of EHS being fully effective, and is thus more accurate and appropriate 
for design. 
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Figure 3.23: Comparison of different equivalent diameters employed in EHS slenderness parameters 
On this basis, it is recommended that in order to achieve structural efficiency, EHS may 
be classified in compression using current CHS slenderness limits and the equivalent 
diameter and slenderness parameter defined by Equations 3.13 to 3.15. 
3.5 Concluding remarks 
In view of the current lack of available design guidance for structural elliptical hollow 
sections, a series of laboratory tests and numerical investigations have been performed. 
The first series of tests in the experimental programme comprised a total of 25 tensile 
coupon tests and 25 stub column tests. Results, including geometric imperfection 
measurements and full load-end shortening curves have been presented. Numerical 
models, created using the non-linear FE package ABAQUS, were verified against the 
test results. Following satisfactory agreement between test and numerical results, 
parametric studies were performed to investigate the compressive response of elliptical 
hollow sections with different aspect ratios and of varying slenderness. The resulting 
structural performance data have been used to establish a relationship between cross- 
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section slenderness and cross-section compressive resistance, which demonstrates that 
the Class 3 slenderness limit of 90 from Eurocode 3 for circular hollow sections can be 
safely adopted for elliptical hollow sections based upon the cross-section slenderness 
parameters proposed in this research and by Ruiz-Teran and Gardner (submitted) with 
the latter yielding more efficient design. The equivalent semi-compact slenderness limit 
given in BS 5950-1, non-compact limiting slenderness in AISC 360 and yield 
slenderness limit given in AS 4100 are also valid. A preliminary effective area 
formulation for Class 4 (slender) elliptical hollow sections has also been proposed. 
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Bending 
4.1 Introduction 
This chapter addresses the bending strength of elliptical hollow sections, and provides 
the results of 18 in-plane bending tests (8 three-point bending and 10 four-point bending 
tests) together with extensive numerical results. All tested elliptical hollow sections had 
an aspect ratio of 2 and section sizes ranged from 400x200 up to 500x250 mm. The 
generated structural performance data have been used to establish relationships between 
cross-section slenderness and cross-section bending resistances and to develop cross-
section classification limits. The results presented herein for bending have been used in 
conjunction with those attained for compression in Chapter 3 to establish slenderness 
parameters and a system of cross-section classification limits for elliptical hollow 
sections. The findings presented in this chapter have been reported by Chan and 
Gardner (submitted-a) and Gardner and Chan (2007). 
The varying curvature of an elliptical hollow section (EHS) distinguishes it from other 
tubular sections, and leads to differing bending behaviour about the two principal axes. 
For bending about the minor (z-z) axis, the maximum compressive stress coincides with 
the point of maximum radius of curvature (the least stiff part of the cross-section), 
which can be shown to be a2/b, where a and b are defined in Figure 3.1. Local buckling 
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therefore initiates at this position. However, for bending about the major (y-y) axis, the 
maximum compressive stress coincides with the stiffest part of the cross-section (most 
resistant to local buckling), where the radius of curvature is as its minimum value and 
equal to b2/a. The theoretical point of initiation of buckling can be deduced by 
optimising (i.e. by finding the maximum value of) the function composed of the varying 
curvature expression multiplied by the elastic bending stress distribution and can be 
shown to exist at a distance of 0.42a from the end of the minor (z-z) axis. The 
corresponding radius of curvature is equal to 0.65a2/b, which will be discussed in 
Section 4.4. 
The elastic and plastic moment resistances of an elliptical hollow section can be derived 
from fundamental engineering mechanics. The elastic moment resistance M —el,Rd is 
defined by Equation 4.1. 
Mel,Rd = fy Wel 
	 (4.1) 
where fy is the material yield stress and Wel is the elastic section modulus. The exact 
elastic section modulii for bending about the major (y-y) and minor (z-z) axes, WeLy and 
for an EHS of constant thickness t can be obtained by integration along the 
circumference of the median-profile of the section to give Equations 4.2 and 4.3, 
respectively. 
I
a Wel 
y = 	Y 
4a 3t 
m COS 2 (p  1
, 	2 
cl(p = 
a 
2 (p 	m 2 sin 	+ a 	
COS 2 cp 
m 
(4.2) 
where Iy and I, are the second moments of area about the major axis and minor axis 
respectively, am = (2a - t)/2, bm = (2b - t)/2 and (p is the angle for each element measured 
from the z-z axis, as shown in Figure 3.1. 
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Similarly, the plastic moment resistance MAR,' is defined by Equation 4.4. 
M pl,Rd = fy Wpl 
	 (4.4) 
where Wp1 is the plastic section modulus and can be evaluated exactly by Equations 4.5 
and 4.6 for bending about the major (y-y) and minor (z-z) axes, respectively. 
2 Wp1 or = 4a m t licos 9 
1 
2  sin 2 + b m 9 cos29 clip 
a m 
(4.5) 
       
n 
Wp1,z = 4a nibm t ii sin 9 1  sin 2 + bm:  9 	cos
2 9 dfp 
a m 
(4.6) 
For the practical range of EHS, the average shape factor (Wpi/Wei) based upon the 
aforementioned formulae is about 1.40 for bending about the major axis and 1.30 for 
bending about the minor axis. Simpler, approximate formulae are also provided in EN 
10210-2 (2006) for the determination of the elastic section modulus and plastic section 
modulus. For the current range of EHS, these simpler formulae have been shown to 
underestimate the section modulii and the maximum deviation of those simpler 
formulae from the exact solutions of Equations 4.2, 4.3, 4.5, 4.6 is about 4%. For 
accuracy, it is therefore recommended that Equations 4.2, 4.3, 4.5, 4.6 be adopted for 
the determination of the cross-section properties of an EHS, and this approach has been 
used throughout this research, in line with the approach adopted in Chapter 3. 
4.2 Experimental study 
Two principal symmetric testing configurations - four-point bending and three-point 
bending - were employed. The primary aim of adopting these two bending 
configurations was to investigate the cross-section response under constant moment 
(four-point bending tests) and a moment gradient (three-point bending tests). In the 
four-point bending tests, the beam was of span 4.5 m while for the three-point bending 
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tests, the span was 3 m. This provided a consistent length of 1.5 m between the end 
support and the loading point. These two statically determinate configurations provide 
fundamental information, which may be used to simplify the analysis of redundant 
structures (Gioncu and Petcu, 1997; Stranghoner et al., 1994). A total of 18 in-plane 
bending tests were conducted. Full moment-curvature and moment-rotation histories 
were derived for the four-point bending and three-point bending tests respectively. 
4.2.1 Four-point bending tests 
The objective of adopting this arrangement was to establish a relationship between 
cross-section slenderness, moment capacity and rotation ductility for EHS under 
constant bending moment. This configuration creates a constant moment zone along 
the central span with negligible shear. Various researchers have adopted this 
arrangement in their investigations: Schilling (1965), Jirsa et al. (1972), Korol and 
Hudoba (1972), Sherman and Glass (1974) and Jiao and Zhao (2004) utilised this 
arrangement for testing on circular hollow sections (CHS), whilst Korol and Hudoba 
(1972), Hasan and Hancock (1989), Zhao and Hancock (1991) and Wilkinson and 
Hancock (1998) adopted this setup for testing on square and rectangular hollow sections 
(SHS and RHS). They utilised the test results and the derived moment-curvature 
relationships for the establishment of design rules. 
Regarding the measurement of curvature, some researchers have used strain gauge 
measurements and calculated the curvature by dividing the algebraic differences of the 
extreme fibre surface strains by the section depth (Jirsa et al., 1972; Korol and Hudoba, 
1972; Sherman and Glass, 1974; Hasan and Hancock, 1989, Wilkinson and Hancock, 
1998). This clearly has shortcomings once local buckling has occurred. Others have 
employed displacement measurements at the loading points and midspan to calculate 
the average curvature (Jirsa et al., 1972; Hasan and Hancock, 1989; Wilkinson and 
Hancock, 1998) whilst Jiao and Zhao (2004) used inclinometers to measure the angle of 
rotation at fixed positions within the constant moment span and hence derived the 
curvature. In this research, measurements from linear variable displacement transducers 
(LVDTs) were used to provide the load-deflection histories as well as to derive the 
moment-curvature relationships. 
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A total of 10 four-point bending tests - 7 about the minor (z-z) axis and 3 about the 
major (y-y) axis - were conducted. A range of sections was tested to cover a spectrum 
of cross-section slenderness. Mean measured geometric information for the specimens 
labelled with B1 and B2 (representing bending about the minor axis and major axis 
respectively) have been summarised in Table 4.1. Geometric imperfections were 
measured (as described in Chapter 3) and the maximum local imperfections Wo have 
been reported in Table 4.1. A schematic illustration of the test setup and a view of the 
experimental arrangement are shown in Figure 4.1. The lengths L1, L2 and L3 are 
defined in Figure 4.1 and are each equal to 1.5 m (i.e. length ratios L1/L2 or L3/L2 = 1). 
For bending about the minor axis, the minimum span-to-depth ratio was 18, whilst for 
major axis bending, the minimum span-to-depth ratio was 9. The tested beams were 
loaded symmetrically at the third points using two Instron Actuators. Three LVDTs 
were located at the loading points and the midspan to measure the vertical deflections, 
whilst two additional LVDTs were positioned at each end of the beam to measure 
longitudinal displacements. Two linear electrical resistance strain gauges were affixed 
to the extreme tensile and compressive fibres of the section at a distance of 150 mm 
from the midspan. Simple support conditions were provided by the roller system 
(Figure 4.1) which was composed of a set of steel rods located between two metal plates 
allowing free longitudinal movement whilst the semi-spherical attachment to the end 
plate of the specimen allowed free rotation about the axis of bending. Load, strain, 
displacement and input voltage were all recorded using the data acquisition equipment 
DATASCAN and logged using the DSLOG computer package. The measurements of 
LVDT-1 and LVDT-2 at the loading points were used to calculate the average 
displacement DL, at the loading points, while the midspan LVDT-3 measured the 
midspan vertical displacement Dm. The curvature was then evaluated based on the 
assumption that the deformed shape of the central span (of length L2) represents a 
segment of a circular arc (of radius r) which gives the curvature K defined by Equation 
4.7. 
1 	8()m -DL ) K = = 
r 	4(Dm -DL )2 +L22 
(4.7) 
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The key results from the bending tests have been summarised in Table 4.2. Full 
moment-curvature relationships from the in-plane four-point bending tests were derived 
and are depicted in Figures 4.2 to 4.11. The four-point minor axis bending test results 
are shown from Figures 4.2 to 4.8 while Figures 4.9 to 4.11 represent the four-point 
major axis bending test results. 
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Table 4.1: Mean measured dimensions of bending specimens 
Beams Axis of bending 
Larger 
outer diameter 
2a 
(mm) 
Smaller 
outer diameter 
2b 
(mm) 
Thickness 
t 
(mm) 
Elastic section 
modulus 
Wei 
(mm3) 
Plastic section 
modulus 
Wpi 
(mm3) 
Measured 
maximum local 
imperfection 
coo 
(mm) 
400x200x8.0-B1 Minor 396.09 207.63 7.75 407756 516107 0.43 
400x200x10.0-B 1 Minor 396.06 207.54 9.65 495172 632627 1.14 
400x200x 12.5-B1 Minor 401.54 201.01 12.13 587085 759196 2.92 
400x200x 14.0-B1 Minor 400.32 200.04 14.48 672914 881141 3.69 
400x200x 16.0-B la Minor 403.16 201.08 15.63 724693 954234 0.57 
400x200x 16.0-B lb Minor 403.28 202.15 15.63 729739 960684 0.74 
500x250x 8.0-B1 Minor 495.34 255.85 7.78 642003 806374 2.01 
400x200x 12.5-B2 Major 401.34 200.77 12.13 892779 1252310 1.51 
400x200x 14.0-B2 Major 399.90 201.06 14.48 1038011 1465220 0.49 
500x250x8.0-B2 Major 491.74 260.92 7.78 933510 1281320 0.47 
400x200x 10.0-B3 Minor 400.52 199.40 9.61 475346 606886 3.01 
400x200x12.5-B3 Minor 402.24 200.10 11.98 578632 747668 1.01 
400x200x14.0-B3 Minor 400.50 199.21 14.34 664619 869739 0.75 
400x200x16.0-B3 Minor 403.35 199.49 15.27 704626 926286 0.93 
400x200x 10.0-B4 Major 399.02 202.06 9.57 716486 996816 2.49 
400x200x 12.5-B4 Major 403.08 198.53 11.94 881205 1237072 2.24 
400x200x 14.0-B4 Major 400.90 197.82 14.34 1024874 1448598 1.09 
400x200x16.0-B4 Major 403.53 200.72 15.33 1105877 1565848 1.10 
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Table 4.2: Summary of results from the in-plane bending tests 
Beams Axis of bending Ultimate moment 
(cNin) 
Curvature at M„ 
Ku (x 10-5 mm-1) 
Rotation at M. 
Ou (rad) 
Rotation capacity 
R or Ra 95 
400x200x8.0-B1 Minor 186 2.41 
400x200x10.0-B1 Minor 232 3.59 
400x200x12.5-B1 Minor 288 4.11 1.9 
400x200x 14.0-B1 Minor 343 5.04 3.2 
400x200x16.0-B la Minor 331 4.33 
400x200x 16.0-B 1 b Minor 346 3.85 1.1 
500x250x8.0-B1 Minor 291 1.73 
400x200x12.5-B2 Major 548 23.9 23.3 
400x200x14.0-B2 Major 659 23.2 22.4* 
500x250x8.0-B2 Major 497 3.33 
400x200x10.0-B3 Minor 245 0.02 0.3 
400x200x12.5-B3 Minor 330 0.05 3.6 
400 x200x14.0-B3 Minor 388 0.09 5.8 
400x200x 16.0-B3 Minor 401 0.10 7.0 
400x200x 10.0-B4 Major 485 0.08 11.4 
400x200x12.5-B4 Major 681 0.15 17.8** 
400 x200x14.0-B4 Major 808 0.13 17.6** 
400x200x16.0-B4 Major 862# 0.17 18.9** 
did not drop back to 0.95MARd 
** 	did not drop back to MPI,Rd 
rn •-•-) 	 did not reach the peak load gu
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(a) Schematic setup 
(b) Experimental setup 
Figure 4.1: Four-point bending test arrangement 
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Figure 4.2: 400 x 200 x 8.0 — B1 beam moment-curvature curve 
(minor axis bending) 
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Curvature lc (mill') 
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Figure 4.3: 400 x 200 x 10.0 — B1 beam moment-curvature curve 
(minor axis bending) 
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Figure 4.4: 400 x 200 x 12.5 — BI beam moment-curvature curve 
(minor axis bending) 
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Figure 4.5: 400x 200 x 14.0 — BI beam moment-curvature curve 
(minor axis bending) 
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Figure 4.6: 400x 200x 16.0 — B1 a beam moment-curvature curve 
(minor axis bending) 
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Figure 4.7: 400 x 200 x 16.0 — Blb beam moment-curvature curve 
(minor axis bending) 
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Figure 4.8: 500 x 250 x 8.0 — B1 beam moment-curvature curve 
(minor axis bending) 
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Figure 4.9: 400 x 200 x 12.5 — B2 beam moment-curvature curve 
(major axis bending) 
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Figure 4.10: 400 x 200 x 14.0 — B2 beam moment-curvature curve 
(major axis bending) 
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Figure 4.11: 500 x 250 x 8.0 — B2 beam moment-curvature curve 
(major axis bending) 
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4.2.2 Three-point bending tests 
The objective of the three-point bending tests was to establish a relationship between 
cross-section slenderness, moment capacity and rotation ductility for EHS subject to a 
moment gradient. This arrangement creates a moment gradient and uniform shear zone. 
A total of 8 three-point bending tests - 4 about the minor (z-z) axis and 4 about the 
major (y-y) axis - were conducted. Again, a range of sections was tested to cover a 
spectrum of cross-section slenderness. Mean measured geometric information, together 
with the imperfection data for the three-point bending specimens labelled with B3 and 
B4 (for bending about the minor axis and major axis respectively) have been 
summarised in Table 4.1. A schematic illustration of the test arrangement is shown in 
Figure 4.12. Similar to four-point bending tests, symmetric span lengths L1 and L3 were 
chosen, each equal to 1.5 m. For bending about the minor axis, the span-to-depth ratio 
was 15, whilst for major axis bending, the span-to-depth ratio was 7.5. The tested 
beams were loaded at midspan using an Amster hydraulic actuator. The vertical 
displacement was measured with a LVDT, whilst two additional LVDTs were 
positioned at each end of the beam to measure longitudinal displacement and hence 
determine end rotation. Four linear electrical resistance strain gauges were affixed to 
the extreme tensile and compressive fibres of the section at a distance of 150 mm either 
side of the midspan of the beam. Load, strain, displacement and input voltage were all 
recorded using the data acquisition equipment DATASCAN and logged using the 
DSLOG computer package. End rotation was calculated from the longitudinal 
displacement measurements through Equation 4.8. 
0 = tan' (61 H62) 	 (4.8) 
where 61, 82 and H are defined in Figure 4.12. 
The key results from the bending tests have been summarised in Table 4.2. Full 
moment-rotation relationships for the in-plane three-point bending tests were derived 
and are depicted in Figures 4.13 to 4.20. The minor axis bending results are shown 
from Figures 4.13 to 4.16 whilst Figures 4.17 to 4.20 show the moment-rotation 
relationships for three-point major axis bending. 
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(a) Schematic setup 
(b) Experimental setup 
Figure 4.12: Three-point bending test arrangement 
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Figure 4.13: 400 x 200 x 10.0 — B3 beam moment-rotation curve 
(minor axis bending) 
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Figure 4.14: 400 x 200 x 12.5 — B3 beam moment-rotation curve 
(minor axis bending) 
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Figure 4.15: 400 x 200 x 14.0 — B3 beam moment-rotation curve 
(minor axis bending) 
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Figure 4.16: 400 x 200 x 16.0 — B3 beam moment-rotation curve 
(minor axis bending) 
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Figure 4.17: 400x 200x 10.0 — B4 beam moment-rotation curve 
(major axis bending) 
Rotation 0 (rad) 
Figure 4.18: 400x 200x 12.5 — B4 beam moment-rotation curve 
(major axis bending) 
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Figure 4.19: 400 x 200 x 14.0 — B4 beam moment-rotation curve 
(major axis bending) 
Rotation 0 (rad) 
Figure 4.20: 400x 200x 16.0 — B4 beam moment-rotation curve 
(major axis bending) 
88 
Chapter 4: Bending 
4.2.3 Results 
The behaviour of beams under uniform bending differs from that under a moment 
gradient (Galambos, 1968): Under uniform bending, the bending moment remains 
constant (along a moment plateau) until the average outer fibre strain reaches the strain 
hardening strain Est, along the entire uniform moment length. Only then may the 
bending moment rise above MPI,Rd (Lay and Galambos, 1965). This stable plateau has 
been observed in the four-point bending test results presented herein (Figures 4.2 to 4.7 
and 4.9 to 4.11). Conversely, for a beam under a moment gradient, the plastic hinge is 
localized to the point of maximum moment and strain hardening is experienced more 
readily allowing the bending moment to rise above Mpi,Rd. This moment will continue 
to increase until the yielded length of the compression flange corresponds to the local 
buckling wavelength (Lay and Galambos, 1967). This has also been observed in the 
three-point bending test results presented in this research (Figures 4.15 to 4.20). These 
characteristics are best illustrated by considering the moment-curvature/rotation curves 
for specimens 400 x 200x 12.5 — B2 (Figure 4.9) and 400 x 200x 12.5 — B4 (Figure 4.18) 
bending about the major axis. For specimen 400 x 200 x 12.5 — B2, a stable plastic 
plateau can be observed prior to the onset of strain hardening after which the bending 
moment rises above Mpl,Rd, while for specimen 400 x 200 x 12.5 — B4, the maximum 
moment region is concentrated at midspan and strain hardening is ongoing as the 
bending moment rises beyond Mpi,Rd. It is also worth noting that for the same cross-
section, the three-point bending specimen reached a higher maximum moment than its 
four-point bending counterpart. This is believed to be due to the stabilising effect from 
the stiffer material surrounding the plastic hinge, which is at a lower stress level in the 
three-point bending arrangement and helps to delay local buckling, whereas in four-
point bending, the whole central region experiences constant moment and the point of 
local buckling receives less restraint. 
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4.3 Numerical simulations 
The in-plane bending tests were modelled using the measured dimensions of the test 
specimens and measured material stress-strain data as reported in Chapter 3. Both local 
and global geometric imperfections were included in the models. The form of the local 
geometric imperfections was taken to be the lowest local elastic eigenmode pattern. 
The local imperfection amplitude coo was considered as three fixed fractions of the 
material thickness t (t/10, t/100 and t/500), in addition to the measured imperfection 
values. The global imperfection pattern was assumed to be a half-sine wave given by 
Nsin (itx /L), where x is the distance along the specimen, L is the specimen length and 
cog is the global imperfection amplitude which was consistently taken as L/500 (EN 
10210-2, 2006). 
As described in Chapter 3, residual stresses were not measured in this study and were 
not incorporated into the numerical models. The true material stress-strain relationships 
were generated from the engineering stress-strain curves obtained from the tensile 
coupon tests and material non-linearity was incorporated into the numerical models by 
means of a piecewise linear stress-strain model to replicate, in particular, the strain-
hardening region. 
Boundary conditions were applied to model simple support conditions at the ends of the 
beams and the vertical displacement at midspan was monitored throughout the analysis. 
The modified Riks method (ABAQUS, 2006) was employed to solve the geometrically 
and materially non-linear beam models, which enabled the post-ultimate behaviour to 
be traced. The numerical failure mode of 400x200x 10 — B3 is shown in Figure 4.21 
and compared with the corresponding deformed test specimen. Results of the numerical 
simulations are tabulated in Table 4.3, in which, the ratios between the FE ultimate 
moment and the experimental moment are shown and compared for different 
imperfection levels. 
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(a) Laboratory test 
(b) Numerical simulation 
Figure 4.21: Typical beam failure mode (400 x 200 x 10.0 — B3 beam) 
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Table 4.3: Comparison of the in plane bending test results with FE results for varying 
imperfection amplitude coo 
Beams 
FE Mu/Test M. 
wo=t/10 coo=t/100 coo=t/500 Measured or 
400x200x8.0-B1 1.10 1.13 1.14 1.12 
400x200x10.0-B1 1.03 1.05 1.05 1.02 
400x200x12.5-B1 0.99 1.01 1.01 0.94 
400x200x14.0-B1 0.98 0.99 0.99 0.92 
400 x200x 16.0-B1 a 1.05 1.07 1.07 1.06 
400x200x16.0-B lb 1.01 1.03 1.03 1.02 
500x250x8.0-B1 1.03 1.07 1.07 0.97 
400x200x12.5-B2 1.05 1.05 1.05 1.05 
400x200x 14.0-B2 1.06 1.06 1.06 1.06 
500x250x8.0-B2 1.03 1.04 1.04 1.04 
400x200x 10.0-B3 1.02 1.04 1.05 0.96 
400x200x12.5-B3 0.94 1.02 1.02 0.95 
400x200x 14.0-B3 0.97 1.07 1.08 1.00 
400x200x 16.0-B3 0.98 1.08 1.10 1.00 
400x200x 10.0-B4 0.90 0.91 0.91 0.87 
400x200x12.5-B4 0.91 0.94 0.94 0.88 
400x200x 14.0-B4 0.98 1.02 1.02 0.99 
400 x200x16.0-B44 0.99 1.04 1.04 1.01 
MEAN" 1.00 1.03 1.04 0.99 
cov" 0.05 0.05 0.05 0.07 
# 	did not reach the peak load 
## 	results that did not reach peak load not included 
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Replication of test results was found to be satisfactory with the numerical models able 
to successfully capture the initial stiffness, ultimate load, general load-displacement 
response and failure patterns observed in the tests. Comparison between test and FE 
results are shown for specimen 400x200x12.5 — B1 and 400x200x10.0 — B3 in Figures 
4.22 and 4.23, respectively. The ultimate moment capacity of the beam 400x200x8.0 — 
B1 was consistently over-predicted by the numerical models, regardless of the 
imperfection amplitude. Possible explanations for this over-prediction include variation 
of the material thickness around the cross-section and along the length of the beam and 
variation in material yield strength. 
Sensitivity to imperfections was generally found to be relatively low, with the stockier 
sections showing the greatest variation in response. For example, in the case of the 
400x200x 16.0 models, the ultimate load reduces by 12% with an increase of 
imperfection amplitude from t/100 to t/10. This sensitivity is due to the level of strain-
hardening achieved by the constituent elements before local buckling occurs. The less 
stocky sections lie on or marginally below the yield plateau and are therefore less 
sensitive (in terms of ultimate load) to variation in the point of local buckling. 
Increased sensitivity would be anticipated for slender elliptical hollow sections where 
the yield load and elastic local buckling load were of similar value. However, as 
discussed in Chapter 3, the practical range of available elliptical hollow sections would 
be expected to be dominated by material yielding, and far higher cross-section 
slenderness is necessary before elastic buckling becomes dominant. 
Having verified the general ability of the FE models to replicate test behaviour for EHS 
with an aspect ratio of two, a series of parametric studies was conducted. The primary 
aim of the parametric studies was to investigate the influence of cross-section 
slenderness and aspect ratio on the ultimate load carrying capacity and deformation 
capacity of EHS. A typical piecewise linear material stress-strain model was adopted 
from the conducted tensile coupon tests as shown in Figure 4.24. Initial local geometric 
imperfections in the non-linear parametric analyses adopted the form of the lowest 
elastic local eigenmode whilst the global geometric imperfections pattern was assumed 
to be a half-sine wave. The section sizes considered in the parametric studies were 
400x400, 400x200 and 400x133.3 with varying thickness to cover a spectrum of cross- 
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section slenderness. The parametric studies include both symmetric three-point and 
four point arrangements with span length ratios (L1/L2 and L3/L2) equal to unity. The 
results have been utilized for the validation of proposed slenderness parameters and 
cross-section classification limits for elliptical hollow sections and are discussed in 
detail in the following section. 
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Figure 4.22: 400 x 200 x 12.5 - B1 beam load-midspan deflection curves (FE imperfection = t/10) 
Deflection iSb (mm) 
Figure 4.23: 900 x 200 x 10.0 - B3 beam load-midspan deflection curves (FE imperfection = t/10) 
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Figure 4.24: Piecewise linear stress-strain model 
4.4 Cross-section classification 
The majority of structural steel design codes including Eurocode 3, place cross-sections 
into discrete behavioural classes based upon their susceptibility to local buckling. Class 
1 cross-sections are capable of reaching and maintaining their full plastic moment in 
bending (and may therefore be used in plastic design). Sufficient deformation capacity 
or rotation capacity has to be demonstrated in this behavioural class. Class 2 cross-
sections are also capable of reaching their full plastic moment in bending but have 
somewhat lower deformation capacity. In Class 3 cross-sections, local buckling 
prevents attainment of the full plastic moment and the bending moment resistance is 
limited to the yield (elastic) moment. For Class 4 cross-sections, local buckling occurs 
in the elastic range and bending resistance is determined on the basis of an effective 
cross-section defined by the width-to-thickness (or diameter-to-thickness) ratios of the 
constituent elements. The moment-rotation characteristics of the four behavioural 
classes are summarized in Figure 4.25. 
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Applied moment M A 
Mpl,Rd 
Mel,Rd 
Class 2 
Class 1 
Class 3 
Class 4 
	► Rotation 0 
Figure 4.25: Four behavioural classes of cross-section 
4.4.1 Slenderness parameters 
Central to the cross-section classification approach are the measures of slenderness —
the cross-section slenderness parameters. These parameters have been derived based 
upon the physical response of EHS under different loading conditions with regard to the 
manifestation of local buckling in the elastic range. As discussed in Chapter 3, when an 
EHS is subjected to axial compression, local buckling initiates at the point of maximum 
radius of curvature, where rmax = a2/b. It has therefore been proposed that the cross-
section slenderness parameter for axial compression is defined as follows. 
De = 2 (a 2 /b) 
t62 	t82 
(4.9) 
where De is the equivalent diameter and 82 = 235/fy is to allow for a range of yield 
strengths. 
Similarly, for bending about the minor (z-z) axis, the maximum compressive stress 
coincides with the point of maximum radius of curvature. Therefore, it is proposed that 
the same cross-section slenderness parameter given by Equation 4.9 can be adopted. 
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For bending about the major (y-y) axis, as discussed earlier, buckling would initiate in 
general neither at the point of maximum radius of curvature (located at the neutral axis 
of the cross-section with negligible bending stress) nor at the extreme of the major axis 
where the maximum compressive stress occurs but where the cross-section is of greatest 
stiffness. 	Gerard and Becker (1957) observed that in this bending situation, 
determination of the elastic buckling stress involves the location of a point of critical 
radius of curvature. This critical radius of curvature rcr was calculated by optimizing 
(i.e. by finding the maximum value of) the function composed of the varying curvature 
expression multiplied by the elastic bending stress distribution and was found to be 
equal to 0.65a2/b (Figure 4.26). For an aspect ratio, a/b of less than 1.155, where the 
section is approaching circular, Gerard and Becker (1957) observed that buckling would 
always occur at the extreme of the major axis and that rcr would therefore be equal to a. 
However, at the extreme of the major axis, the radius of curvature is, in fact, equal to 
b2/a. For a/b less than 1.155, rcr  has therefore been taken as b2/a herein. As described 
above, for an elliptical hollow section in major axis bending with an aspect ratio, a/b of 
2, elastic critical buckling would initiate, theoretically, at a distance 0.42a (r = 0.65a2/b) 
from the extreme fibre in compression. However, from the experimental results, use of 
the radius at a distance of 0.22a (r = 0.4a2/b) from the extreme compressive fibre more 
closely reflects the observed physical behaviour (see Figure 4.27). 
I 	i 	P] 
2b 
Figure 4.26: Location of critical radius of curvature in elastic major axis bending 
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Thus, for a general slenderness parameter in major axis bending for the cross-section 
classification of EHS, it is proposed to utilize the findings of Gerard and Becker (1957) 
based on an elastic stress distribution, with modification based on observed physical 
behaviour. The proposed slenderness parameters are therefore given by Equations 4.10 
and 4.11. Note that the transition between Equations 4.10 and 4.11 is at a/b = 1.357 for 
the modified case, as compared to 1.155 in the elastic case. 
= 0.8 (a2  De 	/13)  
ts 2 t82 
De = 2 (b2 /a)  
te 2 te 2 
for a/b > 1.357 	 (4.10) 
for a/b 	1.357 	 (4.11) 
Note that for the special case of an EHS with an aspect ratio of unity, the cross-section 
slenderness defined by Equation 4.11 reverts to that for CHS in Eurocode 3. 
0.125a2/b 
Figure 4.27: Radii of curvature at different positions (aspect ratio a/b=2) 
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4.4.2 Class 3 and Class 4 cross-sections 
The distinction between Class 3 and 4 cross-sections relates to their ability to reach the 
 elastic moment resistance Mel,Rd. The relationship between test Mit/Mel,Rd, where 	is 
the maximum moment reached in the test, and the proposed cross-section slenderness 
parameters given by Equations 4.9 to 4.11 is plotted in Figures 4.28 and 4.29 for 
bending about the minor axis and major axis respectively. A value of Mu_Rviel,Rd greater 
than unity represents meeting of the Class 3 requirement, whilst a value less than unity 
indicates a Class 4 cross-section where local buckling prevents the yield moment being 
reached. A lower bound to the experimental results in both figures suggests that the 
Eurocode slenderness limit of 90 (EN 1993-1-1, 2005) representing the boundary 
between Class 3 and 4 cross-sections may be safely adopted. For comparison, existing 
bending test data from hot-formed CHS (Rondal et al., 1995; Sedlacek et al., 1998) and 
hot-formed seamless tubes (Schilling, 1965; Jirsa et al., 1972; Sherman, 1976 and 1986) 
have been plotted in Figures 4.28 and 4.29. In addition to the experimental results, 
results from the described parametric studies on elliptical hollow sections with aspect 
ratios, a/b of 1, 2 and 3 have also been plotted in Figures 4.28 and 4.29 complementing 
the experimental results in illustrating the appropriateness of adopting the Eurocode 
limit. Further analysis of the results indicates that the Class 3 slenderness limit for both 
CHS and EHS (bending about either axis) may be relaxed to 140s2. 
An interim effective section modulus formula (Wen-)for Class 4 (slender) elliptical 
hollow sections has been developed with reference to the formulation for circular 
hollow sections in BS 5950-1 (2000). This proposed formula for EHS is given by 
Equation 4.12. 
For the current range of elliptical hollow sections, based upon the experimental and 
numerical results, Equation 4.12 has been found to be conservative and can be safely 
adopted for Class 4 (slender) elliptical hollow sections. 
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Figure 4.28: MiMel,Rd  versus cross-section slenderness (minor axis bending) 
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Figure 4.29: Mu/Mel,Rd  versus cross-section slenderness (major axis bending) 
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4.4.3 Class 1 and Class 2 cross-sections 
Both Class 1 and Class 2 cross-sections are capable of reaching their plastic bending 
moment resistance. Distinction between these two classes is made on the basis of their 
rotation capacity R. 
In plastic design, members must be capable of forming plastic hinges which allow 
rotation whilst sustaining the plastic moment resistance until a collapse mechanism is 
formed. The total rotation of the first plastic hinge to form in a collapse mechanism 
defines the rotation requirement or rotation demand of the structure. This requirement 
varies for different structural configurations, loading arrangements, geometry, material 
strengths and level of seismicity and has been widely studied in the literature, 
particularly for continuous beams and frames (Driscoll, 1958; Kerfoot, 1965; ASCE, 
1971). 
The rotation capacity, on the other hand, represents the ability of a cross-section to 
satisfy the rotation requirement. This capacity R may be determined by two commonly 
adopted methods. One is evaluated from the moment-curvature relationship and the 
other is based on the moment-rotation behaviour. The former method has been widely 
utilised in the literature for the study of cold-formed steel sections (Korol and Hudoba, 
1972; Hasan and Hancock, 1989; Zhao and Hancock, 1991; Wilkinson and Hancock, 
1998) and recently on high strength steel sections (Jiao and Zhao, 2004) in a four-point 
bending arrangement. The rotation capacity R of a plastic hinge based on the moment-
curvature relationship is defined by Equation 4.13. 
R __ K rot 	1 	 (4.13) 
K pi 
where Kpl is evaluated as Mpl,Rd/EI  and  Knot is the limiting curvature at which the moment 
resistance drops back below Mpi,Rd (Figure 4.30). 
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Figure 4.30: Definition of rotation capacity from moment-curvature and moment-rotation graphs 
Similarly, the definition of rotation capacity based on the moment-rotation relationship 
(Figure 4.30) has been commonly used in the literature (Stranghoner et al., 1994; 
Rondal et al., 1995; Sedlacek and Feldmann, 1995; Sedlacek et al., 1998). Rotation 
capacity based on the moment-rotation relationship is defined by Equation 4.14. 
R = 0 rot  
O pt 
(4.14) 
where 00 is the elastic component of rotation upon reaching MARd and °rot is the 
limiting rotation at which the moment resistance falls back below M —pl,Rd• 
In the development of modem steel design codes for plastic design, national or regional 
reference values for rotation capacity have been established on the basis of available 
analytical, experimental and numerical studies. Design rules have then been developed 
with reference to this rotation capacity. Korol and Hudoba (1972) recommended a 
rotation capacity of 4 for plastic design using cold-formed structural hollow sections. 
Design rules for limiting width-to-thickness ratios were then developed. This rotation 
capacity was further adopted by Hasan and Hancock (1989), Zhao and Hancock (1991) 
and Wilkinson and Hancock (1998) for their contribution to the Australian Standard 
(AS 4100, 1998). 
103 
Chapter 4: Bending 
The North American Standard has assumed a rotation capacity of 3 to be sufficient for 
most civil engineering structures as indicated in Yura et al. (1978) and AISC 360 (2005). 
This rotation capacity of 3 is based on limiting the flange strain to four times the yield 
strain. The North American Standard has then derived their limiting width-to-thickness 
ratios for compact sections on the basis of this value. 
Similarly, in the background document to the European Standard, Bild et al. (1989) and 
Sedlacek and Feldmann (1995) investigated and summarised the rotation requirements 
for three-span continuous beams and single bay frames under point loads. They 
concluded that a rotation capacity of 3 is sufficient and corresponding limiting width-to-
thickness ratios for Class 1 sections were developed. Stranghoner et al. (1994) also 
performed parametric studies into the rotation requirements on square, rectangular and 
circular hollow sections on a three-span continuous beam subjected to a point load in 
the central span. The investigated factors included beam geometry, loading, cross-
section, material and serviceability requirements. Results demonstrated a rotation 
capacity of 3 is sufficient. Other researchers (Rondal et al., 1995; Sedlacek et al., 1998) 
also utilised this value of 3 in their studies. 
In this research, a rotation capacity of 3 has been adopted for the development of the 
Class 1 classification limit, which is same as the rotation capacity adopted in the 
development of the current European (EN 1993-1-1, 2005) and North American (AISC 
360, 2005) steel design codes. The rotation capacity of the cross-sections has been 
studied under two fundamental static loading arrangements (1) constant moment and (2) 
a moment gradient. 
The four-point bending configuration enables the study of the cross-section behaviour 
under uniform moment with negligible influence from shear. The definition of rotation 
capacity based on the moment-curvature relationship (Equation 4.13) was therefore 
adopted for evaluating the four-point bending test and numerical results. The three-
point bending arrangement allows study of the cross-section behaviour under a moment 
gradient and in the presence of shear, and in this case the moment-rotation relationship 
(Equation 4.14) was used to evaluate rotation capacity from the test and numerical 
results. 
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As discussed in Section 4.2.3, the behaviour of beams under uniform bending (four-
point bending) differs from that under a moment gradient (three-point bending). To 
account for the initial spread of plasticity along the uniform moment region (when the 
bending moment generally lies just below Mpl,Rd) and to reduce subjective interpretation 
of test results from uniform bending arrangements, researchers (Lay and Galambos, 
1965; Sedlacek et al., 1998) have suggested that rotation capacity should be determined 
at a reduced plastic moment 0.95Mpl,Rd. Thus, for uniform bending, rotation capacity 
R0.95 is defined by Equation 4.15. 
R 	
1C rot
5  0.95 	ti  0.95 =  
K 10 95 P • 
(4.15) 
where ico,o.95  is evaluated as 0.95Mp1,Rd/EI and Krot,0.95 is the limiting curvature at which 
the moment resistance drops back below 0.95MARd• 
The results from the four-point bending tests presented herein support this proposal and 
hence the above definition has been used throughout this research to determine rotation 
capacity for beams in the four-point bending arrangement. 
The ultimate moments attained in the tests have been normalised against the plastic 
moment resistance (Mp1,Rd for three-point bending and 0.95MARd for four-point bending 
assuring consistent interpretation of the results as for the rotation capacity) and plotted 
against cross-section slenderness, as given by Equations 4.9 to 4.11 in Figures 4.31 and 
4.32. A value of Mu/0.95MARd or MuiMpi,Rd greater than unity represents meeting of the 
Class 2 requirement, while a value less than unity indicates a Class 3 or Class 4 cross-
section where local buckling prevents attainment of the full plastic moment. The data 
generally indicate that the EN 1993-1-1 (2005) Class 2 limit may be safely adopted. 
For comparison, existing bending test data from hot-formed circular hollow sections 
(CHS) (Schilling, 1965; Jirsa et al., 1972; Sherman, 1976 and 1986; Rondal et al., 1995; 
Sedlacek et al., 1998) have also been added to Figures 4.31 and 4.32. This is further 
supported by the parametric results on EHS with aspect ratios of 1, 2 and 3. It is worth 
noting that the three stockiest experimental points in Figure 4.31 relate to the tests 
described by Eckhardt (2004) where the ultimate moment resistance was not reached. 
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Both Class 1 and Class 2 cross-sections are capable of reaching their plastic bending 
moment resistance (0.95Mpi,Rd for four-point bending and Mpi,Rd for three-point 
bending). Distinction between these two classes is made on the basis of rotation 
capacity R. Figures 4.33 and 4.34 plot rotation capacity (as defined by Equations 4.13 
to 4.15) against cross-section slenderness. As discussed earlier, a rotation capacity R of 
3 is required for a Class 1 cross-section to permit moment redistribution in 
indeterminate structures. From a lower bound analysis of the test data, a Class 1 
classification limit of 50 from EN 1993-1-1 (2005) may be safely adopted. For 
comparison, existing bending test data from hot-formed CHS (Rondal et al., 1995; 
Sedlacek et al., 1998) have also been added to Figures 4.33 and 4.34. This is further 
supported by the parametric results on EHS with aspect ratios of 1, 2 and 3. 
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Note: 0.95Mp1,Rd  for 4-point bending test results 
Figure 4.31: Mi/Mp1,Rd - — or A410.95Mpi,Rd versus cross-section slenderness (minor axis bending) 
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Figure 4.32: Mo/Moi,Rd or M10.95MIARd versus cross-section slenderness (major axis bending) 
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Figure 4.33: Rotation capacity versus cross-section slenderness (minor axis bending) 
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Figure 4.34: Rotation capacity versus cross-section slenderness (major axis bending) 
4.5 Concluding remarks 
In this chapter, a comprehensive set of experimental data for the in-plane bending of 
elliptical hollow sections has been presented. This series of experiments comprised 18 
in-plane bending tests. Two configurations - four-point bending and three-point 
bending - were employed and described. Full moment-curvature and moment-rotation 
responses have been reported, including into the post-ultimate range. The experimental 
results were replicated by means of non-linear numerical modelling. Following careful 
validation of the models, parametric studies were performed to assess the structural 
response of EHS over a wider range of aspect ratios (between 1 (CHS) and 3) and cross-
section slendernesses. For design, cross-section classification parameters have been 
proposed and classification limits, in harmony with the EC3 limits for CHS, have been 
derived. An effective section modulus formulation has also been proposed. 
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Shear 
5.1 Introduction 
Further to the studies on the cross-section compressive and in-plane bending responses 
of elliptical hollow sections described in Chapters 3 and 4, this chapter focuses on the 
scenario for shear. A total of 24 shear tests were performed on hot-finished steel 
elliptical hollow section members. The shear tests were arranged in a three-point 
bending configuration with span-to-depth ratios ranging from 1 to 8. This enabled the 
study of cross-section resistance in shear and the interaction between shear and bending. 
Measurements were taken of cross-section geometry and local initial geometric 
imperfections. Test results, including moment-rotation histories, are presented. These 
results have been used to verify proposed design expressions for shear resistance and 
resistance to combined shear and bending as well as a slenderness limit beyond which 
shear buckling should be considered. Detailed experimental and numerical studies are 
described herein and design recommendations for shear resistance and resistance to 
combined shear and bending are presented. The findings presented in this chapter have 
been reported by Gardner and Chan (submitted). 
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5.2 Experimental study 
The first two series of tests comprising tensile coupon tests, stub column tests and in-
plane bending tests has been summarised in Chapters 3 and 4. This chapter presents 
results from the third test series on shear. A total of 24 shear tests were conducted. All 
tested EHS had an aspect ratio of two, with overall cross-section dimensions of 150x75 
mm and thicknesses of 4 turn, 5 mm and 6.3 mm. 
The shear tests were performed in a three-point bending configuration (see Figures 5.1 
and 5.2) providing a bending moment gradient and uniform shear zone. A range of 
spans (from 150 mm to 600 mm) was tested to investigate the interaction between shear 
and bending. For bending about the minor axis (loading in the y-y direction, see Figure 
3.1), the span-to-depth ratio ranged from 2 to 8, whilst for major axis bending (loading 
in the z-z direction, see Figure 3.1), the span-to-depth ratio ranged from 1 to 4. The 
mean measured dimensions and maximum geometric local imperfections Wo (where 
imperfection measurement described in Chapter 3) of the test specimens are 
summarised in Table 5.1. Geometric properties for the EHS specimens are defined 
using the exact formulae adopted in Chapters 3 and 4. 
Figure 5.1: Schematic arrangement for three-point bending test 
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Figure 5.2: Three-point bending test setup 
The test specimens were loaded at midspan using a 100 T Amsler hydraulic actuator. 
Machined collars (see Figure 5.2) were secured to the specimens at the point of load 
introduction and at the supports, though no inserts were located within the tubular 
specimens. The vertical displacement at midspan was measured with a linear variable 
displacement transducer (LVDT), whilst two additional LVDTs were positioned at each 
end of the specimens to measure end rotations. Four linear electrical resistance strain 
gauges were affixed to the extreme tensile and compressive fibres of the section at a 
distance of 50 mm either side of the midspan. Load, strain, displacement, and input 
voltage were all recorded using the data acquisition equipment DATASCAN and 
logged using the DSLOG computer package. The key results from the shear tests have 
been reported in Table 5.1. Full moment-rotation relationships for the shear tests were 
derived and are depicted in Figures 5.3 to 5.8. The results for minor axis bending are 
shown from Figures 5.3 to 5.5 whilst Figures 5.6 to 5.8 show the moment-rotation 
relationships for the major axis bending specimens. The experimental results clearly 
demonstrate the degradation of moment capacity with increasing shear (i.e. decreasing 
span). These results have been examined, replicated numerically and used for the 
validation of design expressions in the following sections. 
111 
Table 5.1: Mean measured dimensions and key results from the shear tests 
Shear specimens Axis of bending 
Larger outer diameter 
2a 
(mm) 
Smaller outer diameter 
2b 
(mm) 
Thickness 
t (mm) 
Length 
L (mm) 
Measured maximum 
local imperfection 
coo (mm) 
Ultimate load 
Nu  ON) 
150x75x4.0-S1 Minor 150.42 75.64 4.24 600 0.23 104 
150x75x5.0-S1 Minor 150.01 75.9 5.20 600 0.29 120 
150x75x6.3-S1 Minor 148.91 75.84 6.36 600 0.24 143 
150x75x4.0-S2 Major 150.51 75.6 4.24 600 0.11 184 
150x75x5.0-S2 Major 150.53 75.63 5.17 600 1.92 231 
150x75x6.3-S2 Major 148.71 75.77 6.31 600 0.30 299 
150x75x4.0-S3 Minor 150.39 75.44 4.22 450 0.15 119 
150x75x5.0-S3 Minor 150.44 75.45 5.26 450 0.59 151 
150x75x6.3-S3 Minor 148.74 75.83 6.31 450 0.15 187 
150x75x4.0-S4 Major 150.53 75.67 4.22 450 0.14 231 
150x75x5.0-S4 Major 150.11 75.85 5.23 450 0.43 296 
150x75x6.3-S4 Major 148.74 75.83 6.30 450 0.13 388 
150x75x4.0-S5 Minor 150.65 75.47 4.19 300 0.13 167 
150x75x5.0-S5 Minor 150.41 75.69 5.08 300 0.16 206 
150x75x6.3-S5 Minor 148.57 76.01 6.31 300 0.05 260 
150x75x4.0-S6 Major 150.51 75.65 4.20 300 0.09 303 
150x75x5.0-S6 Major 149.91 75.91 5.16 300 0.28 398 
150x75x6.3-S6 Major 148.75 76.05 6.31 300 0.05 522 
150x75x4.0-S7 Minor 150.53 75.27 4.19 150 0.12 196 
150x75x5.0-S7 Minor 150.71 75.26 5.26 150 0.65 265 
150x75x6.3-S7 Minor 148.51 75.89 6.29 150 0.07 350 
150x75x4.0-S8 Major 150.49 75.56 4.17 150 0.09 421 
150x75x5.0-S8 Major 150.21 75.65 5.06 150 0.15 545 
150x75x6.3-S8 Major 148.67 75.85 6.30 150 0.06 682 
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Figure 5.3: Moment-rotation curves for 150 x 75 x 4.0 sections with different spans 
(minor axis bending) 
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Figure 5.4: Moment-rotation curves for 150 x 75 x 5.0 sections with different spans 
(minor axis bending) 
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Rotation 0 (rad) 
Figure 5.5: Moment-rotation curves for 150 x 75 x 6.3 sections with different spans 
(minor axis bending) 
Figure 5.6: Moment-rotation curves for 150 x 75 x 4.0 sections with different spans 
(major axis bending) 
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Figure 5.7: Moment-rotation curves for 150 x 75 x 5.0 sections with different spans 
(major axis bending) 
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Figure 5.8: Moment-rotation curves for 150 x 75 x 6.3 sections with different spans 
(major axis bending) 
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5.3 Numerical simulations 
The shear tests were modelled using the measured dimensions of the test specimens and 
measured material stress-strain data as detailed in Chapter 3. Local geometric 
imperfections were included in the models in the form of the lowest elastic eigenmode 
pattern. The local imperfection amplitude coo was considered as three fixed fractions of 
the material thickness t (t/10, t/100 and t/500), in addition to the measured imperfection 
values. Residual stresses were not incorporated into the numerical models in this study 
due to their anticipated low magnitude and likely insignificant influence on the results 
as discussed in Chapter 3. The true material stress-strain relationships were generated 
from the engineering stress-strain curves obtained from the tensile coupon tests. The 
material non-linearity was incorporated into the numerical models by means of a 
piecewise linear stress-strain model to replicate, in particular, the strain-hardening 
region. Boundary conditions were applied to model simple support conditions at the 
ends of the beams. The modified Riks method (ABAQUS, 2006) was employed to 
solve the geometrically and materially non-linear beam models, which enabled the post-
ultimate behaviour to be traced. The numerical failure mode of 150x 75 x 6.3 — S5 is 
shown in Figure 5.9 and compared with the corresponding deformed test specimen. 
Results of the numerical simulations are tabulated in Table 5.2, in which, the ratios 
between the ultimate FE and experimental shear forces are shown and compared for 
different imperfection levels. 
	mm 
0 	100 	200 
Figure 5.9: Typical failure mode (150x 75 x 6.3 — S5 beam) 
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Table 5.2: Comparison of the shear test results with FE results for varying imperfection amplitude coo 
Shear specimens 
FE V„ /Test Vu 
coo=t/10 coo=t/100 coo--t/500 Measured wo 
150x75x4.0-S1 0.91 0.92 0.93 0.92 
150x75x5.0-S1 0.95 0.97 0.97 0.96 
150 x75 x 6.3-S1 1.01 1.04 1.04 1.03 
150 x 75 x4.0-S2 1.00 1.00 1.00 1.00 
150 x75 x5.0-S2 0.99 1.00 1.00 0.97 
150x75x6.3-S2 0.97 0.97 0.97 0.97 
150x75 x4.0-S3 1.04 1.05 1.05 1.05 
150x75x5.0-S3 1.00 1.01 1.01 1.00 
150x75x6.3-S3 1.02 1.03 1.03 1.03 
150x75x4.0-54 1.01 1.01 1.01 1.01 
150x75x5.0-S4 1.01 1.01 1.01 1.01 
150x75x6.3-S4 0.96 0.97 0.97 0.97 
150x75x4.0-S5 0.96 0.96 0.96 0.96 
150x75x5.0-S5 0.95 0.95 0.96 0.95 
150x75x6.3-S5 1.00 1.01 1.01 1.01 
150x75x4.0-S6 1.00 1.00 1.00 1.00 
150x75x5.0-S6 0.98 0.98 0.98 0.98 
150x75x6.3-S6 0.98 0.98 0.98 0.98 
150x 75 x4.0-S74 1.03 1.03 1.03 1.03 
150x75x5.0-S7 1.00 1.00 1.00 1.00 
150x75x6.3-S7 0.96 0.96 0.96 0.96 
150x75x4.0-S8# 0.89 0.89 0.89 0.89 
150x75x5.0-S84 0.89 0.89 0.89 0.89 
150x75x6.3-S811 1.00 1.00 1.00 1.00 
MEAN##  0.98 0.99 0.99 0.99 
cov" 0.03 0.03 0.03 0.04 
did not reach the peak load 
## 	results that did not reach peak load not included 
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Replication of test results was found to be satisfactory with the numerical models able 
to successfully capture the initial stiffness, ultimate capacity, general moment-rotation 
response and failure patterns observed in the tests. Comparison between test and FE 
results are shown for specimen 150 x 75 x 6.3 — S5 (in minor axis bending) and 150 x 
75 x 5.0 — S2 (in major axis bending) in Figures 5.10 and 5.11, respectively. Sensitivity 
to imperfections was generally found to be relatively low, due principally to the in-
plane and yielding-dominated nature of the response. Whilst accurate agreement 
between experimental and FE results was achieved over the majority of the range of test 
specimens, the ultimate shear capacity of the beams of the shortest spans was generally 
under-predicted by the numerical models. This disparity between test and FE results is 
believed to relate to the precise manner in which the load is introduced, sensitivity to 
which increases with shorter spans (since the localised loads and associated 
deformations are higher). 
Having verified the general ability of the FE models to replicate test behaviour for EHS 
with an aspect ratio of two, a series of parametric studies was conducted. The primary 
aim of the parametric studies was to investigate the influence of cross-section 
slenderness, aspect ratio and span on the ultimate moment and shear capacities. The 
obtained results were also employed to develop a moment-shear interaction formula and 
to validate the slenderness limit beyond which shear buckling should be considered. A 
piecewise linear material stress-strain model was developed from the tensile coupon 
tests conducted on the 150 x 75 x 6.3 sections as reported in Chapter 3, and is shown in 
Figure 3.19. Initial geometric imperfections in the non-linear parametric analyses 
adopted the form of the lowest elastic eigenmode with an amplitude coo of t/100, which 
provided the best agreement between FE and test results (Table 5.2). The section sizes 
considered in the parametric studies were 150x150, 150x75 and 150x50 with varying 
thicknesses to cover a spectrum of cross-section slendernesses. A range of spans was 
also considered to investigate the interaction between bending and shear effects. The 
results have been utilized for the validation of proposed shear area formulations, a 
moment-shear interaction formula and classification limits for shear buckling for 
elliptical hollow sections, as discussed in the following sections. 
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0.04 
Rotation 0 (rad) 
Figure 5.10: 150x 75x 6.3 — S5 beam moment-rotation curves (FE imperfection = t/100) 
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Figure 5.11: 150x 75 x 5.0 — S2 beam moment-rotation curves (FE imperfection = t/100) 
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5.4 Shear resistance 
In this section, elastic and plastic shear resistance functions for elliptical hollow 
sections are presented and shear buckling behaviour is discussed. According to EN 
1993-1-1 (2005), the design value of the shear force V at each cross-section should 
satisfy Equation 5.1. 
V 
	<_ 1 
Vc,Rd 
where NIc,Rd is the design shear resistance, which may be evaluated on the basis of an 
elastic or a plastic shear stress distribution. These two cases are considered in the 
following sub-sections. 
5.4.1 Elastic shear resistance 
The elastic shear stress distribution in an elliptical hollow section can be approximated 
from ordinary bending theory by the fundamental shear formula given by Equation 5.2. 
VS t = — 
It 
(5.2) 
where S is the first moment of area above the level at which the shear stress is being 
evaluated, I is the second moment of area of the whole cross-section and t is the 
thickness at the examined point. Thus, for a specific EHS under a given design shear 
force V, I and t are constant, and the elastic shear stress, which is directly proportional 
to S, varies parabolically with the distance from the neutral axis. The maximum shear 
stress arises at the neutral axis, as depicted in Figure 5.12. 
(5.1) 
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Figure 5.12: Elastic shear stress distribution 
To remain elastic, the design shear stress T should satisfy the following criterion at all 
points in the cross-section: 
T f fs „c < Y =  Yi  
Ymo Ymo 
(5.3) 
where Ty is the material yield strength in shear, fy is the material yield strength in 
tension and ymo is a partial factor for resistance of cross-sections, generally taken equal 
to unity. 
5.4.2 Plastic shear resistance 
In EN 1993-1-1 (2005), the design plastic shear resistance VAR,' of a cross-section is 
defined by Equation 5.4. 
A, (f y /ArS) 
VpI,Rd = 	y mo  
where A, is the shear area. For circular hollow sections (CHS) and tubes of uniform 
thickness, the shear area is defined as 2A/it, where A is the cross-section area. This 
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formula can be derived on the basis that shear stresses T are uniformly distributed 
around the section and acting tangentially to the surface (Figure 5.13). By considering 
an infinitesimal area of a CHS and summing the vertical components of the shear stress 
x dA for all elements, which must be in equilibrium with the applied shear force V, we 
obtain: 
n 
V =2x f(rxdyxt)x(cxsiny) 
o 
(5.5) 
which leads to, 
V=4xrxtxr 	 (5.6) 
and by substituting in the area of a circular tube, we find 
2AT 
V= 	 
IT 
resulting in the shear area Av given by 
V 2A 
/ a i v --- — 7-- 
T 	it 
(5.7) 
(5.8) 
Figure 5.13: Plastic shear stress distribution 
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The same approach may also be applied to elliptical hollow sections. For an EHS of 
uniform thickness subject to transverse loading along the y-y direction (see Figure 3.1), 
assuming a uniform shear stress distribution around the cross-section, the applied shear 
force is balanced by the summation of the vertical components of the shear stresses x 
dA. The resulting shear force may be found to be equal to twice the product of the 
vertical projection of the elliptical section (measured to the centreline of the thickness) 
and the thickness given by (2b-t)t multiplied by the shear stress T. Likewise, when the 
transverse load is applied in the z-z direction (see Figure 3.1), the corresponding 
projected area is equal to (2a-t)t. Therefore, for an elliptical hollow section of constant 
thickness, the shear area Av may be defined by Equations 5.9 and 5.10. 
	
= 2(2b-t)t 	for load in the y-y direction 	(5.9) 
A„ = 2(2a-t)t 
	
for load in the z-z direction 	(5.10) 
For the practical range of EHS, the average shape factor (plastic shear resistance/elastic 
shear resistance) based upon the aforementioned formulae is approximately 1.21 for 
minor axis bending and 1.36 for major axis bending. 
5.4,3 Isolation of shear and bending components 
Inability of a cross-section to reach its plastic shear resistance implies influence from 
shear buckling. For more slender cross-sections, a greater influence of shear buckling 
would be expected. However, under transverse loading, it is unclear whether shear 
resistance is being degraded by the coincident bending or by shear buckling. To isolate 
these two effects, the relationship between the ultimate test shear force Vu normalised 
by the plastic shear resistance Vpi,Rd and the ratio of maximum bending stress to 
maximum shear stress ab,maxitm,„ (where ab and ti are defined by Equations 5.11 and 
5.12 respectively) has been plotted in Figure 5.14. The elastic component of the 
flexural stress at the extreme fibre of the cross-section, ab,max is defined as 
b,max 
	MY max 	 (5.11) 
where M is the applied bending moment (V x L/2) and ymax  is the distance from 
neutral axis to the extreme fibre. 
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At the same load level, the elastic shear stress at the neutral axis, tmax  is defined as 
VS 
max = 	 I(2t) 
(5.12) 
Hence, the ratio ab,maxhmax = (MN) x (2tymax/S) = L X (tymax/S) represents a non-
dimensional length parameter. Small values of ab,maxhmax relate to a shear-dominant 
scenario. Three representative regression curves for the experimental results from the 
specimens of different thicknesses are also plotted on the figure. By extrapolation of 
the curves to zero bending stress (i.e. zero length), the equivalent hypothetical pure 
transverse shear condition is achieved (Lundquist, 1935; Lundquist and Burke, 1935). 
At this pure shear boundary, a value of VuNpl,Rd greater than unity represents sections 
that are capable of developing the full cross-section shear resistance, whilst a value less 
than unity indicates that shear buckling prevents this resistance from being reached. 
The results demonstrate that the shear resistance of hot-finished elliptical hollow 
sections of the current investigated proportions is dominated by yielding in shear, and 
hence the above formulations for plastic shear resistances may be applied. 
Figure 5.14: Relationship between V,/VP/,Rd  and non-dimensional length parameter crb,,,,„,/rmax 
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5.5 Design guidance 
The design shear resistance for elliptical hollow sections has been discussed and 
proposals for shear area Av (Equations 5.9 and 5.10) to be used in the general 
formulation for plastic shear resistance (Equation 5.4) have been made. The influence 
of shear on bending moment resistance, together with associated design 
recommendations, is described in this section. Table 5.3 summarises the key results of 
the shear tests where the ultimate test shear force Vu (=Nu/2) has been normalised by the 
plastic shear resistance given by Equation 5.4 and the ultimate test bending moment Mu 
(=Nu/2 x L/2) has been normalised by elastic moment resistance M —el,Rd = fyWel (where 
Wei is the elastic section modulus) or plastic moment resistance Mpi,Rd = fyWpi (where 
Wpi is the plastic section modulus), depending on the cross-section classification. 
According to the slenderness limits proposed in Chapter 4, all tested sections are Class 
3 for bending about the minor axis and Class 1 for bending about the major axis. 
Therefore, for loading in the y-y direction (minor axis bending), the ultimate test 
moment has been normalised by Mel,Rd and for loading in the z-z direction (major axis 
bending), the ultimate test moment has been normalised by Mpi,Rd. The normalised test 
results are plotted in Figure 5.15. The results demonstrate that where the shear force is 
less than half the plastic shear resistance, the effect of shear on the bending moment 
resistance is negligible. Conversely, for high shear force (greater than 50% of Vpi,Rd), 
there is a degradation of the bending moment resistance. 
To quantify this reduction in bending moment resistance due to the presence of shear, 
Eurocode 3 Part 1-1 (EN 1993-1-1, 2005) proposes a reduced bending moment 
resistance MV,Rd based upon a reduced yield strength fy, (Equation 5.13), that should be 
applied to the shear area As,. The reduced yield strength is given by 
fyr = (1-p)fy 	 (5.13) 
where 
P= 
( 	 \ 2 2V  1 
V pl,Rd 
(5.14) 
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Table 5.3: Summary of normalised results from the shear tests 
Shear specimens Cross-section classification (bending) VuNphad Munvipiad or Mu/Met,ad 
150x75x4.0-S1*  3 0.40 1.34 
150x75x5.0-S1* 3 0.38 1.40 
150x75x6.3-S1* 3 0.36 1.36 
150x75x4.0-S2 1 0.34 1.18 
150 x75 x5.0-S2 1 0.36 1.26 
150x75x6.3-S2 1 0.37 1.32 
150x75x4.0-S3* 3 0.45 1.23 
150x75x5.0-S3* 3 0.48 1.33 
150 x75 x 6.3-S3* 3 0.47 1.34 
150x75x4.0-S4 1 0.43 1.12 
150x75x5.0-S4 1 0.46 1.21 
150x75x6.3-S4 1 0.48 1.28 
150x75x4.0-S5* 3 0.64 1.15 
150x75x5.0-S5* 3 0.68 1.22 
150x75x6.3-S5* 3 0.66 1.23 
150x75 x4.0-S6 1 0.57 0.98 
150x75x5.0-S6 1 0.62 1.12 
150 x75 x6.3-S6 1 0.64 1.14 
150x75 x4.0-S74*  3 0.76 0.69 
150x75x5.0-S7* 3 0.84 0.77 
150x75x6.3-S7* 3 0.89 0.83 
150x75 x4.0-S84 1 0.79 0.69 
150x75x5.0-S84 1 0.87 0.76 
150x75x6.3-S84 1 0.84 0.74 
did not reach the peak load 
results normalised by Mel,Rd 
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Figure 5.15: Interaction between shear and bending 
In Figure 5.15, this reduced yield strength fy, applied to the full cross-section area (and 
thus reduced bending resistance) has been plotted. This approach may be seen provide 
a design resistance under combined bending moment and shear that closely reflects the 
observed test behaviour. For cases where the applied shear force is greater than 50% of 
the shear resistance (defined by Equations 5.4, 5.9 and 5.10), it is therefore 
recommended that Equations 5.13 and 5.14 are adopted to calculate the reduced 
bending moment resistance for elliptical hollow sections. It is worth noting that the one 
experimental point in Figure 5.15 that lies below the proposed interaction formula 
belongs to a group of four experimental results where the ultimate load was not reached 
in the tests. 
For circular shells, Eurocode 3 Part 1-6 (EN 1993-1-6, 2007) provides a cross-section 
shear squash limit (given by Equation 5.15) below which cylinders need not be checked 
for shear buckling. 
t - .. 0.32[- 
f y 
10.67 
(5.15) 
where D is the diameter of the cylinder and E is the Young's modulus. 
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For an elliptical hollow section under major axis bending, the maximum shear stress 
coincides with the point of maximum radius of curvature, which can be shown to be 
a2/b. Therefore, an equivalent diameter for shear buckling can be defined as De = 2a2/b. 
For minor axis bending, the maximum shear stress coincides with the minimum radius 
of curvature, which is the stiffest part of the cross-section and most resistant to localised 
buckling. Further, the maximum radius of curvature, a2/b coincides with the minimum 
shear stress. However, the experimental and numerical observations indicate the 
suitability of adopting the same equivalent diameter as for major axis bending, which is 
2a2/b. On this basis, the ultimate test shear force Ve normalised by the elastic shear 
resistance Vel,Rd (Equations 5.2 and 5.3) for the shortest test specimens (shear 
dominated) has been plotted against the De/t ratio in Figure 5.16. The elastic critical 
buckling stresses, Ter for short, medium and long cylinders given by EN 1993-1-6 (2007) 
have also been added to Figure 5.16, together with the design curve for long cylinders 
(where a shear failure would only practically be anticipated under torsion). In addition 
to the experimental results, results from the described parametric studies on elliptical 
hollow sections with aspect ratios, a/b of 1, 2 and 3 have also been plotted. Overall, the 
FE results echo the experimental findings and indicate that the shear squash limit from 
EN 1993-1-6 (2007), given by Equation 5.15, beyond which shear buckling could 
become influential can be safely adopted for elliptical hollow sections. 
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Figure 5.16: Comparison of test and numerical results with shear squash limit 
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This limit will be conservative for the case of transverse loading since it is derived on 
the basis of the response of long cylinders (which, due to length effects, and lack of 
restraint from the boundaries at the ends of the member, offer low shear buckling 
resistance), yet long members under transverse loading will fail in bending. However, 
Equation 5.15 does provide a useful shear squash limit which may be applied for all 
member lengths and under all shear loading conditions, including torsion. 
5.6 Concluding remarks 
As part of the development of comprehensive structural design rules for elliptical 
hollow sections, this chapter describes a study of shear resistance. Results from 24 
shear tests in a three-point bending arrangement have been presented. Geometric 
properties and the key findings from the shear tests have been reported, including full 
moment-rotation histories. Elastic and plastic shear resistance functions have been 
presented. The interaction between shear and bending has also been examined and a 
reduced bending moment resistance formula, in harmony with the current design rules 
from Eurocode 3, applicable in the presence of high shear force (V > 0.5Vpi,Rd) has been 
proposed. The tested range of cross-sections exhibited yield-dominated failures, but 
analytical and numerical extrapolation of the results have provided an insight into 
slenderness limits beyond which shear buckling should be considered. 
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Column buckling 
6.1 Introduction 
Complementary to studies on the cross-section behaviour of elliptical hollow sections 
described in Chapters 3 to 5, investigations into the member response have also been 
performed and described in this chapter. The first stage of these investigations involved 
a series of precise column buckling tests on hot-finished steel elliptical hollow sections. 
In total, 24 flexural buckling tests about the minor and major axes were carried out. 
Specimen sizes and lengths were carefully chosen in order to create a wide range of 
both cross-section and member slendernesses. Measurements were taken of specimen 
geometry and global initial geometric imperfections. Key results from the tests 
including the full load-deformation histories have been presented and discussed. The 
test results have also been supplemented by numerically generated results, allowing a 
wider range of geometries to be investigated. Design rules for the member buckling 
resistance of elliptical hollow section columns have been proposed. The presented 
results are the first member buckling tests on elliptical hollow sections, and represent 
part of the development of comprehensive structural design rules for these sections. 
The findings presented in this chapter have been reported by Chan and Gardner 
(submitted-b). 
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6.2 Experimental study 
Complementary to the research on the cross-section behaviour of elliptical hollow 
sections, this chapter focuses on the member behaviour of pin-ended, elliptical hollow 
section columns. The tested EHS had an aspect ratio of 2, overall cross-section 
dimensions of 150x75 mm and thicknesses of 4 mm, 5 mm and 6.3 mm. A total of 24 
column buckling tests were carried out. 
The primary aim of the column tests was to investigate the flexural buckling response of 
EHS pin-ended compression members under concentric loading. The pin-ended 
conditions were provided by hardened steel knife-edges fixed to the ends of the 
specimens. The specimen lengths were carefully chosen to provide a spectrum of 
member slendernesses. The nominal pin-ended column lengths (comprising specimen 
lengths and knife-edges) were 0.7 m, 1.5 m, 2.3 m and 3.1 m (Figure 6.1), with the 
corresponding Lcili ranging from 15 to 117, where L, is the buckling (effective) length 
in the buckling plane considered and i is the radius of gyration about the relevant 
buckling axis (determined using the properties of the gross cross-section). The general 
testing configuration is depicted in Figure 6.2. The loading was recorded by a 1000 kN 
load cell located at the top end of the columns. Vertical displacement was measured at 
the loaded end of the columns by two LVDTs, whilst two additional LVDTs were 
positioned at each end of the columns to measure end rotation. Two LVDTs were also 
located at the mid-height of the columns to measure the lateral deflection in the major 
and minor axes directions. Four linear electrical resistance strain gauges were affixed to 
the extreme fibres of the section at a distance of 20 mm from the mid-height to avoid 
contact with the LVDTs. Load, strain, displacement and input voltage were all recorded 
using the data acquisition equipment DATASCAN and logged using the DSLOG 
computer package. 
The geometry of an elliptical hollow section is depicted in Figure 3.1 from Chapter 3 
and the mean measured dimensions and maximum geometric global imperfections cog 
(traced by employing feeler gauge to measure the clearance between specimen and a 
flat platform) of the test specimens are summarised in Table 6.1. The average measured 
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global imperfection was L/3900, where L is the specimen length. Geometric properties 
for the EHS specimens are defined using the exact formulae adopted in the previous 
chapters. The key results from the column tests have been reported in Table 6.1. Full 
load-lateral deflection relationships for the column tests are depicted in Figures 6.3 to 
6.8. The results for minor axis buckling are shown from Figures 6.3 to 6.5 whilst 
Figures 6.6 to 6.8 show the load-lateral deflection for major axis buckling specimens. 
Figure 6.1: Range of tested column lengths 
///1".////////////1////  
               
Load cell 
            
            
             
Knife edge 
             
             
            
Strain gauge 
LVDT 
iTEE9711) 
  
I 
Hydraulic jack 
/// //////////// /// 
  
(a) Schematic setup (b) Experimental setup 
Figure 6.2: Column test arrangement 
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Table 6.1: Mean measured dimensions and key results from the column tests 
Columns Axis of buckling 
Larger outer diameter 
2a 
(mm) 
Smaller outer diameter 
2b 
(mm) 
Thickness 
(mm) 
Buckling 
length 
Lcr 
(mm) 
Measured maximum 
global imperfection in 
the direction of buckling 
we (mm) 
Ultimate load 
Nu 
(IN) 
150 x75 x4.0-C1 Minor 150.56 75.48 4.14 700 0.29 495 
150x75x5.0-C1 Minor 150.08 76.00 5.13 700 0.10 614 
150 x75 x6.3-C1 Minor 150.37 75.25 6.27 700 1.23 820 
150 x75 x4.0-C2 Major 150.54 75.40 4.24 700 0.13 573 
150 x75 x5.0-C2 Major 150.21 75.64 5.11 700 0.15 677 
150 x75 x 6.3-C2 Major 150.28 75.53 6.35 700 0.49 866 
150 x75 x4.0-C3 Minor 150.44 75.53 4.20 1500 0.15 507 
150x75x5.0-C3 Minor 150.31 75.48 5.19 1500 1.80 647 
150x 75 x 6.3-C3 Minor 148.36 75.62 6.30 1500 0.20 789 
150x 75 x4.0-C4 Major 150.05 75.51 4.26 1500 0.43 538 
150x 75x5.0-C4 Major 150.10 76.08 5.10 1500 0.38 680 
150x 75x6.3-C4 Major 148.47 75.90 6.33 1500 0.25 836 
150x75x4.0-05 Minor 150.26 75.40 4.22 2300 1.09 365 
150 x75x5.0-05 Minor 150.11 75.40 5.12 2300 3.38 393 
150 x 75 x6.3-05 Minor 148.82 75.92 6.31 2300 0.89 452 
150 x 75 x4.0-C6 Major 150.34 75.46 4.17 2300 0.46 489 
150 x75x5.0-C6 Major 150.05 75.54 5.09 2300 1.02 611 
150 x 75x 6.3-C6 Major 148.77 75.78 6.21 2300 0.25 814 
150 x 75 x4.0-C7 Minor 150.50 75.45 4.22 3100 1.93 234 
150 x75 x5.0-C7 Minor 149.93 75.79 5.09 3100 1.55 242 
150 x 75 x6.3-C7 Minor 148.77 75.85 6.28 3100 0.74 292 
150 x 75 x4.0-C8 Major 150.46 75.43 4.18 3100 0.25 429 
150 x 75 x5.0-C8 Major 150.03 75.67 5.13 3100 1.32 509 
150 x 75 x6.3-C8 Major 148.60 75.91 6.21 3100 0.42 648 
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Lateral deflection at mid-height o) (mm) 
Figure 6.3: Load-lateral deflection curves for 150 x 75 x 4.0 sections with different lengths 
(minor axis buckling) 
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Figure 6.4: Load-lateral deflection curves for 150 x 75 x 5.0 sections with different lengths 
(minor axis buckling) 
134 
Chapter 6: Column buckling 
0 
	
30 	 60 
	
90 
	
120 
Lateral deflection at mid-height w (mm) 
Figure 6.5: Load-lateral deflection curves for 150 x 75 x 6.3 sections with different lengths 
(minor axis buckling) 
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Figure 6.6: Load-lateral deflection curves for 150 x 75 x 4.0 sections with different lengths 
(major axis buckling) 
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Figure 6.7: Load-lateral deflection curves for 150 x 75 x 5.0 sections with different lengths 
(major axis buckling) 
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Figure 6.8: Load-lateral deflection curves for 150 x 75 x 6.3 sections with different lengths 
(major axis buckling) 
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6.2.1 Load versus vertical displacement response 
The load-vertical displacement response for the EHS 150x75 x6.3 pin-ended columns of 
0.7 m length are shown in Figure 6.9. In the figure, Cl represents the column buckling 
response about the minor (z-z) axis whilst C2 illustrates the response about the major 
(y-y) axis. According to the cross-section classification measure proposed in Chapter 3 
and by Ruiz-Teran and Gardner (submitted), this cross-section is deemed to be fully 
effective in pure compression. Both columns have demonstrated a similar peak load 
because the columns are relatively stocky, though a significant difference in the 
unloading behaviour may be observed. This can be explained by considering the effect 
of local buckling on the overall member resistance. For the column buckling about the 
z-z axis (column Cl), the maximum compressive stress coincides with the flattest 
portion of the cross-section which is most susceptible to local buckling. Local buckling 
heralds a loss of second moment of area resulting in a marked drop in load. Conversely, 
for column C2 where buckling is about the y-y axis, the maximum compression 
coincides with the stiffest region of the cross-section, which is resistant to local 
buckling, resulting in a more gradual loss of load carrying capacity. 
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Figure 6.9: 150x 75 x 6.3 column load-vertical displacement curves 
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6.2.2 Load versus lateral deflection response 
Figures 6.10 and 6.11 show the load versus lateral deflection response of the two 3.1 m 
long EHS 150x75x6.3 pin-ended columns, buckling about minor and major axes. In 
the figures, the elastic buckling load Ncr (given by Equation 6.1) and the plastic yield 
load Ny (given by Equation 6.2) have also been plotted. 
n2EI 
Ncr = 	 
cr 
(6.1) 
Ny = Afy 	 (6.2) 
where E is the Young's modulus, I is the second moment of area about the relevant 
buckling axis, Lcr is the buckling (effective) length in the buckling plane considered, A 
is the gross cross-section area and fy is the material yield stress. Equations 6.1 and 6.2 
represent the two theoretical upper bounds to column resistance. For stockier members, 
the ultimate load is dominated by the plastic yield load whilst for slender members, the 
ultimate load approaches the Euler buckling load. For the column under considerations, 
when buckling about the minor axis (Figure 6.10), the elastic buckling load Ncr is below 
the yield load Ny, whilst when buckling about the major axis (Figure 6.11), the elastic 
buckling load is above the yield load. The relatiVe influence of the two bounds may be 
seen in Figures 6.10 and 6.11. 
In addition to the inclusion of Ncr and Ny in Figures 6.10 and 6.11, the results of a 
second order elastic analysis and a rigid plastic analysis have also been shown. The 
second order elastic analysis was performed on the assumption that the unloaded 
column has an initial sinusoidal bow of maximum amplitude coy. The maximum 
additional lateral deflection co arising under increased loading N may be determined 
from Equation 6.3 provided the column remains elastic. 
; co = 	co 
1—(N/Ncr) co. 
(6.3) 
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Figure 6.10: 150 x 75 x 6.3 — C7 column load-lateral deflection curve 
Lateral deflection at mid-height co (mm) 
Figure 6.11: 150x 75 x 6.3 — C8 column load-lateral deflection curve 
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The amplitude of the initial bow was selected to achieve the best representation of the 
response of the tested columns. For the second order rigid plastic analysis, reference 
may be made to the concentrically loaded pin-ended column shown in Figure 6.12. By 
assuming that all deformation is concentrated in a plastic hinge at the mid-height of the 
column, the axial load N that can be sustained under increased lateral deflection may be 
determined by examining the stress distribution of Figure 6.13. As illustrated in Figure 
6.13, the central compressive region (zone 2) is responsible for resisting the axial load 
N, whilst the two outer regions (zones 1 and 3) form a couple to resists the second order 
moment M2 = no arising from the lateral deflection co (Allen and Bulson, 1980). 
Based on this stress model, the second order rigid plastic boundary has been derived 
and plotted in Figures 6.10 and 6.11. The test results demonstrate sound agreement 
with the theoretical models, with the general response being characterised by the 
envelope of the two second order boundaries. The initial elastic response concurs with 
the second order elastic analysis while the unloading behaviour merges into the second 
order rigid plastic line. These test results have been further examined, replicated 
numerically and used for the validation of column buckling curves in the following 
sections. 
Figure 6.12: Rigid plastic model 
Figure 6.13: Plastic stress distribution 
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6.3 Numerical simulations 
The column tests were modelled using the measured dimensions of the test specimens 
and measured material stress-strain data as summarised in Chapter 3. Initial global 
geometric imperfections were incorporated in the numerical model by means of a global 
half-sine wave given by cogsin(Itx /L), where x is the distance along the specimen, L is 
the specimen length and cog is the global imperfection amplitude. A range of global 
imperfection amplitudes wg was studied — in addition to the measured imperfection 
values, four fixed fractions of the specimen length L (L/250, L/500, L/1000 and L/2000) 
were considered. A similar spectrum of global imperfection amplitudes was studied by 
Batterman and Johnston (1967) and Gardner and Nethercot (2004). The amplitudes of 
L/250 and L/500 reflect the current allowable out-of-straightness tolerance for elliptical 
hollow section tubes in Europe (EN 10210-2, 2006), whilst L/500 is the tolerance limit 
in Europe (EN 10210-2, 2006), North America (ASTM A501, 2005) and Australia (AS 
1163, 1991) for other tubular members. 
The presence of longitudinal residual stresses in structural members can have a 
significant influence on column buckling strengths, by causing premature yielding of 
the cross-section resulting in a reduction in stiffness and loss of load carrying capacity. 
Residual stresses are induced primarily during the production process. For cold-formed 
sections, residual stresses are principally induced through plastic deformation, whilst for 
hot-finished and welded sections, uneven cooling is the main source of residual stresses. 
The elliptical hollow sections considered in the present study are hot-finished structural 
sections; the residual stresses are therefore primarily induced through uneven cooling. 
In tubes, uneven cooling arises as a result of the differing thermal conditions present at 
the outer and inner surfaces of the sections, with the outer surface cooling more rapidly. 
This generally leaves the outer surface of the tube in longitudinal and radial 
compression, with equilibrating tension on the inner surface. In the development of the 
European column buckling curve for hot-finished tubular sections (Beer and Schulz, 
1970), a representative residual stress pattern based on measurements from circular 
tubes was employed. The adopted distribution was symmetrical through the thicknesses 
with compressive residual stresses on the outer surface and tensile residual stresses on 
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the inner surface, though the experimental findings of Stamenkovic and Gardner (1983) 
exhibited a contradictory trend. The magnitude of both tensile and compressive 
residual stresses was in the region of 15% of the material yield stress. It may be 
inferred that residual stresses in elliptical tubes would be of similar magnitude and 
distribution to those in circular tubes, though since no residual stresses measurements 
were performed in this study, further investigation would be required to verify this. As 
shown in Chapter 3, two observations indicated that the level of residual stresses in the 
studied hot-finished EHS was low: (1) negligible deformations occurred when the 
material tensile coupons were machined from the cross-sections and (2) a distinct yield 
point was seen in both the tensile coupon results and the stub column results, which 
high residual stresses would erode. For these reasons, residual stresses were not 
incorporated into the numerical models. 
The true material stress-strain relationships were generated from the engineering stress-
strain curves obtained from the tensile coupon tests. The material non-linearity was 
incorporated into the numerical models by means of a piecewise linear stress-strain 
model to replicate, in particular, the strain-hardening region. Boundary conditions were 
applied to model pin end conditions at the ends of the columns. The modified Riks 
method (ABAQUS, 2006) was employed to solve the geometrically and materially non-
linear column models, which enabled the post-ultimate behaviour to be traced. The 
numerical failure mode of 150 x 75 x 6.3 — C4 is shown in Figure 6.14 and compared 
with the corresponding deformed test specimen. Results of the numerical simulations 
are tabulated in Table 6.2, in which, the ratios between the ultimate FE and 
experimental axial loads are shown and compared for different imperfection levels. 
Figure 6.14: Typical column failure mode (150 x 75 x 6.3 — C4 column) 
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Table 6.2: Comparison of the column test results with FE results for varying 
imperfection amplitude cog 
Columns 
FE Nu/Test Nu 
co =L/250 g co =L/500 g co =L/1000 g o..) =L/2000 g Measured co g 
150x75x4.0-C1 1.00 1.05 1.08 1.09 1.10 
150x75x5.0-C1 0.96 1.02 1.04 1.07 1.07 
150x75x6.3-C1 0.92 0.97 1.00 1.02 0.98 
150x75 x4.0-C2 0.94 0.96 0.97 0.97 0.98 
150x75x5.0-C2 0.93 0.95 0.96 0.96 0.97 
150x75 x6.3-C2 0.94 0.96 0.97 0.98 0.98 
150x75x4.0-C3 0.78 0.90 0.98 1.03 1.08 
150 x 75 x5.0-C3 0.73 0.84 0.92 0.97 0.90 
150x 75 x6.3-C3 0.74 0.85 0.94 0.99 1.04 
150x75x4.0-C4 0.92 0.98 1.01 1.03 1.03 
150x75x5.0-C4 0.84 0.90 0.93 0.95 0.95 
150x75 x6.3-C4 0.88 0.94 0.97 0.99 1.00 
150x75 x4.0-05 0.74 0.87 0.98 1.06 1.06 
150x75 x5.0-05 0.81 0.95 1.07 1.15 1.00 
150x75 x6.3-05 0.87 1.01 1.13 1.21 1.24 
150x75 x4.0-C6 0.86 0.96 1.04 1.08 1.11 
150x 75 x5.0-C6 0.81 0.91 0.98 1.02 1.03 
150x75x6.3-C6 0.76 0.86 0.93 0.97 1.00 
150x75 x4.0-C7 0.76 0.87 0.94 0.98 0.97 
150x75 x5.0-C7 0.86 0.98 1.07 1.12 1.12 
150x75x6.3-C7 0.87 0.98 1.05 1.10 1.12 
150x 75 x4.0-C8 0.80 0.94 1.05 1.14 1.25 
150x 75 x5.0-C8 0.80 0.94 1.06 1.14 1.16 
150x75 x6.3-C8 0.77 0.90 1.02 1.11 1.21 
MEAN 0.85 0.94 1.00 1.05 1.06 
COV 0.09 0.06 0.06 0.07 0.09 
143 
Chapter 6: Column buckling 
Replication of test results was found to be satisfactory with the numerical models able 
to successfully capture the initial stiffness, ultimate capacity, general load-deformation 
response and failure patterns observed in the tests. Comparison between test and FE 
results are shown for columns 150 x 75 x 4.0 — C5 (minor axis buckling) and 150 x 75 
x 6.3 — C8 (major axis buckling) in Figures 6.15 and 6.16, respectively. The anticipated 
sensitivity to imperfections has been reflected in the numerical results in particular 
among the specimens of intermediate slenderness which showed the greatest variation 
in response. For example, in the case of the 150 x 75 x 6.3 — C8 models (L„/i = 67), 
the ultimate load reduces by 43% with an increase of imperfection amplitude from 
L/2000 to L/250. 
Having verified the general ability of the FE models to replicate the column test 
behaviour for EHS with an aspect ratio of two, a series of parametric studies was 
conducted. The primary aim of the parametric studies was to investigate the influence 
of cross-section slenderness, aspect ratio and member slenderness on the column load 
carrying capacity. The obtained results were also used to assess column buckling 
design curves. A piecewise linear material stress-strain model was developed from the 
tensile coupon tests conducted on the 150 x 75 x 6.3 sections and adopted throughout 
the parametric studies (see Figure 3.19). Initial geometric imperfections in the non-
linear parametric analyses were of the form of a half-sine wave with an amplitude cog of 
L/1000, which provided the best agreement between FE and test results (Table 6.2). 
This magnitude is the same as that employed in the formulation of the European column 
buckling curves (Beer and Schulz, 1970; Galambos, 1998) and the Australian column 
curves (Rotter, 1982; Beedle, 1991). It is worth noting that the current AISC Standard 
employed L/1500 (Beedle, 1991; Galambos, 1998) as the governing out-of-straightness 
in developing the column design curve. The section sizes considered in the parametric 
studies were 150x150, 150x75 and 150x50 with varying thicknesses and a range of 
column lengths to extend the investigation to higher member slenderness. The results 
have been utilized for the validation of proposed column buckling curves for elliptical 
hollow sections, as discussed in the following section. 
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Figure 6.15: 150x 75 x 4.0 — C5 column load-lateral deflection curves 
(FE imperfection = L/1000) 
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6.4 Buckling resistance of members 
In this section, the results of the EHS column buckling tests are examined and 
compared with the current column design specifications adopted in Europe, North 
America and Australia; on the basis of the comparisons, design recommendations are 
presented. 
6.4.1 Member slenderness for flexural buckling 
European Standard (EC 3) 
According to EN 1993-1-1 (2005), the non-dimensional member slenderness 2EC  is 
given by 
2 ' EC = -\ 
X' EC — 1 
‘ 
Af 	L If Y 	cr 	Y for Class 1 to 3 (fully effective) sections 
for Class 4 (slender) sections 
(6.4) 
(6.5) 
Ncr 	in 	E 
Aeff f y
= Ler 	l(Aeff /A)fy 
Ncr 	in Al 	E 
where L, is the buckling (effective) length in the buckling plane considered, i is the 
radius of gyration about the relevant buckling axis (determined using the properties of 
the gross cross-section) and Aeff is the effective cross-section area, a proposal for which 
has been made for EHS in Chapter 3. 
North American Standard (AISC 360) 
In accordance with AISC 360 (2005) and Tide (1985 and 2001), the corresponding non- 
dimensional member slenderness XAISC is given by 
X, AISC — 
L cr lif y 
in E 
for fully effective sections 	 (6.6) 
A. AISC 
La ilQfy 
in E 
for slender sections 	 (6.7) 
where Q is the slenderness reduction factor which defines the ratio of the stress at local 
buckling to the material yield stress (AISC 360, 2005). 
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Australian Standard (AS 4100)  
According to AS 4100 (1998), the equivalent non-dimensional member slenderness XAS 
is given by 
( 
for fully effective sections 
for slender sections 
(6.8) 
(6.9) 
L„ 	fy L, 	fy E 
"AS i 	250 i7t 	E 250 
Le 
r 	
k 
i 2 50 	
li f f y Lcr 	y ilkf f
E 
E 
XAS = n 250  
where kf  is defined as the ratio of the effective area to the gross area of the cross-section. 
Table 6.3 summarises the key results of the column tests where the ultimate load Nu has 
been normalised by the yield load Ny (=Afy) or the effective yield load Aefffy• 
According to the slenderness parameters and limits proposed in Chapter 3 and by Ruiz-
Teran and Gardner (submitted), the tested EHS with wall thicknesses of 4 mm are Class 
4 (slender), and the ultimate loads have therefore been normalised by Aefffy. The 5 mm 
and 6.3 mm thick sections are classified as Class 1-3 (fully effective) and thus, the 
ultimate loads have been normalised by Afy. The normalised test results have also been 
plotted in Figures 6.17 and 6.18. For comparison, existing column test data for circular 
hollow sections (CHS) have also been added to Figures 6.17 and 6.18 (Janns et al., 
1989). 
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Table 6.3: Summary of normalised results from the column tests 
Columns 
Cross-section 
classification 
(compression) 
1\1u/Ny  or Nu/Aefffy XEC 
150x75x4.0-C1* Slender 0.95 0.33 
150x75x5.0-C1 Fully effective 0.93 0.34 
150 x 75 x6.3-C1 Fully effective 0.97 0.36 
150x75x4.0-C2* Slender 1.07 0.19 
150x75x5.0-C2 Fully effective 1.03 0.20 
150x75x6.3-C2 Fully effective 1.01 0.20 
150x75x4.0-C3* Slender 0.96 0.71 
150x75 x5.0-C3 Fully effective 0.97 0.73 
150x75 x6.3-C3 Fully effective 0.94 0.77 
150 x 75 x4.0-C4* Slender 0.99 0.41 
150 x75 x5.0-C4 Fully effective 1.04 0.42 
150x75 x6.3-C4 Fully effective 0.99 0.44 
150x75x4.0-05* Slender 0.68 1.10 
150x75x5.0-05 Fully effective 0.60 1.13 
150x75x6.3-05 Fully effective 0.53 1.17 
150x 75 x4.0-C6* Slender 0.93 0.63 
150x75x5.0-C6 Fully effective 0.93 0.64 
150x75x6.3-C6 Fully effective 0.98 0.68 
150x75x4.0-C7* Slender 0.44 1.48 
150x75x5.0-C7 Fully effective 0.37 1.51 
150x75x6.3-C7 Fully effective 0.35 1.58 
150x75 x4.0-C8* Slender 0.82 0.85 
150x75x5.0-C8 Fully effective 0.77 0.87 
150x75x6.3-C8 Fully effective 0.78 0.91 
results normalised by Aerffy 
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Figure 6.17: Normalised test results and column buckling curves (nominal) 
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Figure 6.18: Normalised test results and column buckling curves (design) 
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6.4.2 Column buckling curves 
European Standard (EC 3) 
The concept of multiple column curves adopted in Europe (Beer and Schultz, 1970; 
Jacquet, 1970; Sfintesco, 1970) forms the basis of the column design criteria in 
Eurocode 3 (EN 1993-1-1, 2005). A set of five buckling curves described by the 
Ayrton-Perry (Ayrton and Perry, 1886; Robertson, 1925; Maquoi and Rondal, 1978) 
formula is adopted in this European standard. For hollow sections, the choice of 
buckling curve depends on the forming route (hot-finished or cold-formed) and the 
material yield strength. For hot-finished hollow sections of grade S355, buckling curve 
`a' is recommended. In Eurocode 3, buckling curves are presented in the form given by 
Equation 6.10. The resulting buckling reduction factor x = buckling resistance/cross-
section resistance (Nb,Rd/Nc,Rd) has been plotted in Figure 6.17. 
X = Nb'Rd  = 	1 
Nc,Rd (130 \[02 22EC 
(6.10) Nb,RdiNc,Rd :5-1  but 'X 
where cro = 0.5[1+ akc — 0.2) + k2Ec ] and a is an imperfection factor (equal to 0.21 for 
buckling curve `a'). 
North American Standard (AISC 360)  
A single column curve is currently adopted in North America (AISC 360, 2005). This 
column curve is derived from the three column curves proposed by the Structural 
Stability Research Council (Bjorhovde and Tall, 1971; Bjorhovde, 1972 and 1978; 
Galambos, 1998) and can be described by basic column equations which have been 
derived empirically based on test data (Tide, 1985; Beedle, 1991; Tide, 2001). The 
AISC column curve is defined by Equations 6.11 and 6.12 and has been plotted in 
Figure 6.17. 
N b,Rd = 0.658x?A'5c 
Nc,Rd 
N b, Rd 0.877 _ 
Nc,Rd 22AISC 
for kAisc 1.5 
for 2 AISC>1.5 
(6.11) 
(6.12) 
150 
NC Rd 
1 
( 	90  
4(XAs aaccb) 
Nb Rd _ = 	= 1 (6.13) 
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Australian Standard (AS 4100)  
Column design curves, based on the multiple column curve concept are also adopted in 
the Australian Standard (Rotter, 1982; Trahair and Bradford, 1998; AS 4100, 1998). 
For hollow sections, the choice of buckling curve depends on the forming route (hot-
formed, cold-formed (stress relieved) or cold-formed (not stress relieved)) and the 
cross-section slenderness. For hot-finished hollow sections of Class 1-3 (fully 
effective), the reduction factor ac - Nb,RdiNc,Rd can be described by Equation 6.13 which 
has been plotted in Figure 6.17. The slenderness kiks has been divided by itVE / 250 
for consistency and direct comparison with the other Standards considered. 
where ab is equal to -1.0 for Class 1-3 (fully effective) sections and 4 and as are defined 
in AS 4100 (1998). 
As shown in Figure 6.17, the buckling curves for hot-finished hollow sections from the 
three Standards considered generally follow each other closely with the AS 4100 curve 
being slightly higher over the full range of member slenderness. The AISC curve is 
marginally lower than the EC 3 curve at low and intermediate slenderness. At higher 
slenderness, all curves merge into the Euler elastic buckling curve. 
Partial (resistance) factors are applied to the nominal column equations given by 
Equations 6.10 to 6.13 to ensure the required level of reliability is achieved. In EC 3, 
this partial factor N1 is in the denominator and set equal to unity, whereas in AISC 360 
and AS 4100, the resistance factors (denoted clk and 4, respectively) appear in the 
numerator and have a value of 0.9. The 'design' column curves are plotted in Figure 
6.18. From this figure, it may be seen that the buckling test results about the minor (z-z) 
and major (y-y) axes follow a similar trend alongside their circular counterparts. The 
buckling curves recommended for hot-finished hollow sections in the three Standards 
considered generally provide a lower bound to the EHS test data, and to the numerical 
results from the described parametric studies on elliptical hollow sections with aspect 
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ratios, a/b of 1 (CHS), 2 and 3 (shown by lines in Figure 6.18). It is therefore 
recommended that the corresponding buckling curves from EN 1993-1-1 (2005), AISC 
360 (2005) and AS 4100 (1998) can be adopted for hot-finished EHS columns, buckling 
about either the major or minor axis. 
6.5 Concluding remarks 
Complementary to the investigations on the cross-section behaviour of elliptical hollow 
sections described in Chapters 3 to 5 and as a part of the development of comprehensive 
structural design rules for elliptical hollow sections, investigations into the member 
response have now been performed. In this chapter, the results from 24 column 
buckling tests have been presented. Geometric properties and the key findings from the 
column buckling tests have been reported. Comparisons of sample load-deflection 
histories have been made with second order elastic and rigid plastic models, revealing 
good agreement. Numerical simulations were verified against the test results. 
Following satisfactory agreement between test and numerical results, parametric studies 
were performed to assess the structural response of EHS over a wider range of aspect 
ratios and member slendernesses. Column buckling curves utilised in Europe, North 
America and Australia have been examined. The experimental and numerical results 
were used to demonstrate the appropriateness of adopting column buckling curves 
currently applied to hot-finished CHS for hot-finished EHS columns, buckling about 
either the major or minor axis. 
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Design recommendations 
7.1 Introduction 
This chapter summarises the design methodologies developed for elliptical hollow 
sections in accordance with Eurocode 3 in Chapters 3 to 6. Illustrative examples are 
included to demonstrate the design procedures. 
7.2 Design framework 
The structural behaviour of elliptical hollow section steel components has been 
investigated at cross-section level and member level. The former involves the 
classification of cross-sections based upon a system of slenderness parameters and 
limits whilst the latter requires the selection of the member behavioural buckling curves. 
Based upon the proposed design methods for elliptical hollow sections, the existing 
design framework for circular hollow sections can be safely adopted. A summary of the 
findings from previous chapters is presented herein. 
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7.2.1 Classification of cross-sections 
The slenderness parameters for cross-sections in compression, minor axis bending and 
major axis bending are given by Equations 7.1 to 7.10. 
7.2.1.1 Compression 
Approach 1: 
Equivalent diameter: 
2a2 D= 
e 	b 
	
where a 	is half of the larger outer diameter 
b 	is half of the smaller outer diameter 
Slenderness parameter: 
D
e = 2 
(a  2 /b)  
tc 2 tE 2 
where t 	is the wall thickness of the cross-section 
E2 	is equal to 235/fr 
fy 	is the material yield strength 
Approach 2 (Ruiz-Teran and Gardner, submitted): 
Equivalent diameter: 
De =2a 	
b 
[l+f(-1)1 
where f = 1-2.3(t/2a)" 
Slenderness parameter: 
a[l + f(-a= —01 
De =2 
	
b 
tc2 	tE 2 
(7.1) 
(7.2) 
(7.3) 
(7.4) 
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7.2.1.2 Minor axis bending 
Equivalent diameter: 
2a2 D = 
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(7.5) 
(7.6) 
	
> 1.357 	 (7.7) 
1.357 	 (7.8) 
> 1.357 	 (7.9) 
1.357 	 (7.10) 
b 
Slenderness parameter: 
De 	2 (a 2 /b) = 
t6 2 	tE 2 
7.2.1.3 Major axis bending 
Equivalent diameter: 
0.8a 2 = 	 a/b De for 
2
2 
D 	 for = a/b e 
a 
Slenderness parameter: 
De 0.8 (a2/13) 	for = 	 a/b 
tc2 tE2 
De 	2 (b2 /a) 
for a/b 
tE2 	tc2 
7.2.1.4 Slenderness limits 
The corresponding classification limits are summarised in Table 7.1. 
Table 7.1: Recommended classification limits 
De/te2 
Class Section in bending 
(minor and major axes) Section in compression 
90 
1 
2 
3 
50 
70 
140 
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7.2.2 Resistance of cross-sections 
On the basis of the cross-section classification, the cross-section resistances are defined 
as follows. 
7.2.2.1 Compression 
Compressive resistance is given by Equations 7.11 and 7.12. 
NC,Rd = Afy 	for Class 1, 2 or 3 cross-sections 	(7.11) 
Ne,Rd = Aefffy 	for Class 4 cross-sections 	 (7.12) 
where 	A is the gross area of a cross-section 
Aeff is the effective area of a cross-section defined by Equation 7.13 
 
1.5 
90  235 
De/t fy 
 
Aeff = A (7.13) 
  
7.2.2.2 Bending moment 
Bending resistance about one principal axis is determined from Equations 7.14 to 7.16. 
Mc,Rd = Mpl,Rd = Wplfy 	 for Class 1 or 2 cross-sections 	(7.14) 
Mc,Rd = Mel,Rd = Weify 	for Class 3 cross-sections 	 (7.15) 
Mc,Rd = Wefffy 	 for Class 4 cross-sections 	 (7.16) 
where Wpi is the plastic section modulus 
Wei is the elastic section modulus 
Weff is the effective section modulus defined by Equation 7.17 
0.25 
140 235 
Weff 	" el (7.17) 
[ 
De it fy 
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2V 
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(7.23) 
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7.2.2.3 Shear 
Shear resistance is given by Equations 7.18 and 7.19. 
Elastic shear resistance: 
VS 	/ n t= — 5. f
Y / 
1/3 
It  
where V 	is the design shear force 
S 	is the first moment of area 
I 	is the second moment of area 
Plastic shear resistance: 
VARd = A v fy /Aq 
(7.18) 
(7.19) 
where Av is the shear area defined by Equations 7.20 and 7.21 
Av = (4b-2t)t 
	
for load in the y-y direction 	(7.20) 
A, = (4a-2t)t 
	
for load in the z-z direction 	(7.21) 
7.2.2.4 Combined bending and shear 
When the applied shear force is less than half of the plastic shear resistance, its effect on 
the bending resistance may be neglected and Equations 7.14 to 7.16 apply. 
Otherwise, a reduced bending resistance calculated on the basis of Equations 7.14 to 
7.16 but with a reduced yield strength fyr given by Equation 7.22, which applies to the 
full cross-section area is recommended. 
fyr = (1-p)fy 	 (7.22) 
where 
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7.2.3 Buckling resistance of members — Uniform members in compression 
Based upon the cross-section resistance in compression, the member buckling response 
is determined based on the column buckling curve 'a' detailed in Eurocode 3. 
7.2.3.1 Buckling resistance 
The buckling resistance of a compression member is given by Equations 7.24 and 7.25. 
Nb,Rd = XAfy 
Nb,Rd — XAefffy 
for Class 1, 2 and 3 cross-sections 	(7.24) 
for Class 4 cross-sections 	 (7.25) 
where x 	is the reduction factor for column buckling defined by Equation 7.26. 
7.2.3.2 Buckling curves 
The buckling reduction factor x is given by Equation 7.26. 
1 
x = 	f 	  
1:1) + VCD2 — k2Ec 
but x 5_1 	 (7.26) 
where 	413. = 0.5[1+ a(kEc — 0.2)+ k2Ec ] 
a 	is an imperfection factor (equal to 0.21 for buckling curve 'a') 
2Ec is the non-dimensional slenderness (for kEc 0.2, x = 1.0) 
7.2.3.3 Slenderness for flexural buckling 
for Class 1, 2 and 3 cross-sections 	(7.27) XEC = \ 
Afy _ L„ li fy 
Nu — in E 
Aeff fy _ Lcrli(Aeff /A)fy 
1\i„ 	in 	E k EC = 1 
for Class 4 cross-sections 	(7.28) 
where 	i 	is the radius of gyration about the relevant axis, determined using the 
properties of the gross cross-section 
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7.3 Verification of design rules 
This section presents comparisons between test results and the proposed design rules in 
order to demonstrate the appropriateness of the aforementioned methods. Measured 
geometric and material properties have been utilised in the comparisons and all partial 
safety factors have been set equal to unity. 
Under axial compression, the cross-section strength is evaluated based on Approach 1 
and Approach 2, as detailed in Sections 7.2.1.1 and 7.2.2.1. The comparison between 
the proposed approaches for all tests conducted on stub columns is summarised in Table 
7.2. On average, Approach 1 predicts 83% of the test failure load with a coefficient of 
variation of 12% whilst Approach 2 predicts 86% of the test failure load with a 
coefficient of variation of 11%. An increase in predicted compression strength of 3% is 
observed. 
For pure bending, Table 7.3 presents a comparison between the proposed design method 
and all tests conducted in the four-point bending configuration. The proposed method 
predicts, on average, 83% of the test bending resistance with a coefficient of variation 
of 6%. 
Regarding the cross-section resistance under a moment gradient, a comparison between 
the proposed resistances and results from three-point bending tests is summarised in 
Table 7.4. The maximum ratio between test shear and the proposed plastic shear 
resistance is less than 0.5, therefore no reduction in bending resistance on the tested 
specimens is required. The results demonstrate that the prediction, on average, is 72% 
of the test bending resistance with a coefficient of variation of 8%. The under-
prediction as compared with the pure bending results is believed to be due to the 
significant strain-hardening achieved in the three-point bending specimens. 
Similarly, the test results from the shear tests which were also in a three-point bending 
configuration but with higher ratios of shear to bending are compared with the proposed 
method and presented in Table 7.5. The ratio between the test shear and the proposed 
plastic shear resistance ranges from 0.34 to 0.89, therefore, for test specimens with the 
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ratios greater than 0.50, the bending resistances have to be reduced accordingly. The 
proposed method predicts, on average, 77% of the test bending resistance with a 
coefficient of variation of 13%. 
Comparison between the column buckling strength predictions and the test column 
resistances is summarised in Table 7.6. The cross-section compression resistance is 
evaluated based on Approach 2 and on average, the proposed column strength 
formulation predicts 95% of the test column buckling resistance with a coefficient of 
variation of 6%. 
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Table 7.2: Comparison between the proposed design rules and stub column test results 
Stub columns Nu,lest (1cN) fy (N/mm2) 
Proposed Approach 1 Proposed Approach 2 
Class Nu,„,,,,,,i (kN) Nu,prop,l/Nu.tat Class Nu,prop,2 (1(N) Nu,prop,2/Nu,test 
150x75x4.0-SC1 538 377 Slender 491 0.91 Slender 527 0.98 
150x75x4.0-SC2 554 377 Slender 497 0.90 Slender 534 0.96 
150x75x5.0-SC1 689 369 Slender 648 0.94 Fully effective 655 0.95 
150x75x5.0-SC2 700 369 Slender 657 0.94 Fully effective 661 0.94 
150 x75x6.3-SC1 896 391 Fully effective 840 0.94 Fully effective 840 0.94 
150 x75x6.3-SC2 935 391 Fully effective 842 0.90 Fully effective 842 0.90 
150 x75x6.3-SC3 931 411 Fully effective 918 0.99 Fully effective 918 0.99 
150x75x6.3-SC4 952 411 Fully effective 897 0.94 Fully effective 897 0.94 
150x75x8.0-SC1 1367 377 Fully effective 1102 0.81 Fully effective 1102 0.81 
150x75x8.0-SC2 1435 377 Fully effective 1079 0.75 Fully effective 1079 0.75 
300x150 x8.0- SC1 2777 417 Slender 1909 0.69 Slender 2047 0.74 
300x150x8.0-SC2 2792 417 Slender 1914 0.69 Slender 2052 0.74 
300x150x8.0-SC3 2574 405 Slender 1818 0.71 Slender 1949 0.76 
400x200x8.0-SC1 2961 429 Slender 2189 0.74 Slender 2310 0.78 
400x200x8.0-SC2 3081 429 Slender 2153 0.70 Slender 2276 0.74 
400x200x10.0-SC1 3521 401 Slender 2993 0.85 Slender 3183 0.90 
400x200x10.0-SC2 3693 401 Slender 2944 0.80 Slender 3134 0.85 
400x200x12.5-SC1 4727 395 Slender 3967 0.84 Slender 4279 0.91 
400x200x12.5-SC2 4623 395 Slender 3978 0.86 Slender 4294 0.93 
400x200x14.0-SC1 5610 398 Slender 5182 0.92 Fully effective 5306 0.95 
400x200x14.0-SC2 5610 398 Slender 5238 0.93 Fully effective 5317 0.95 
400x200x16.0-SC1 6310 379 Fully effective 5402 0.86 Fully effective 5402 0.86 
400x200x16.0-SC2 6159 379 Fully effective 5404 0.88 Fully effective 5404 0.88 
500x250x8.0-SC1 3684 413 Slender 2410 0.65 Slender 2524 0.69 
500x250x8.0-SC2 3546 413 Slender 2419 0.68 Slender 2534 0.71 
Mean 0.83 0.86 
COV 0.12 0.11 
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Table 7.3: Comparison between the proposed design rules and four-point bending test results 
Beams Axis of bending Mwes, (kNm) fy (N/mm2) 
Proposed 
Class Mu,prop (kNm) Mu,prop/Mu,tcst 
400x200x8.0-B1 Minor 186 429 4 165 0.88 
400x200x 10.0-B1 Minor 232 401 3 198 0.85 
400x200x12.5-B1 Minor 288 395 3 232 0.81 
400x200x14.0-B1 Minor 343 398 3 268 0.78 
400x200x16.0-Bla Minor 331 379 3 274 0.83 
400x200x16.0-B 1 b Minor 346 379 3 276 0.80 
500x250x8.0-B1 Minor 291 413 4 238 0.82 
400 x200 x12.5-B2 Major 548 395 1 495 0.90 
400x200x 14.0-B2 Major 659 398 1 583 0.88 
500x250x8.0-B2 Major 497 413 3 385 0.78 
MEAN 0.83 
COV 0.06 
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Table 7.4: Comparison between the proposed design rules and three-point bending test results 
Beams Axis of bending V,„„ (kN)  M,„„ (kNm) f,, (N/mm2) 
Proposed 
Vpi,prop (kN) VujestiVo,prop Class Mu,prop (kNm) Mu,prop/Mu,test 
400x200x 10.0-B3 Minor 164 245 401 844 0.19 4 190 0.77 
400x 200 x 12.5-B3 Minor 220 330 395 1028 0.21 3 229 0.69 
400x 200 x 14.0-B3 Minor 259 388 398 1218 0.21 3 264 0.68 
400x 200 x 16.0-B3 Minor 267 401 379 1230 0.22 3 267 0.67 
400x200 x 10.0-B4 Major 324 485 401 1724 0.19 2 399 0.82 
400x200 x 12.5-B4 Major 453 681 395 2130 0.21 1 489 0.72 
400x200 x 14.0-B4 Major 539 808 398 2545 0.21 1 576 0.71 
400x200x 16.0-B4# Major 574 862 379 2602 0.22 1 593 0.69 
MEAN##  0.72 
cov" 0.08 
ti 	did not reach the peak load 
## 	results that did not reach peak load not included 
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Proposed 
Vo,,,,,, (kN) Vo,testNpi,prop Class Mu,prop (kNm)  Ma,prop/Mu,test 
132 0.40 3 11.7 0.75 
157 0.38 3 12.8 0.71 
199 0.36 3 15.8 0.73 
270 0.34 1 23.4 0.85 
320 0.36 1 27.5 0.79 
405 0.37 1 34.2 0.76 
131 0.45 3 10.9 0.82 
157 0.48 3 12.9 0.75 
198 0.47 3 15.7 0.75 
269 0.43 1 23.3 0.90 
323 0.46 1 27.7 0.83 
405 0.48 1 34.1 0.78 
130 0.64 3 10.0 0.79 
153 0.68 3 11.0 0.72 
198 0.66 3 14.2 0.73 
267 0.57 1 22.7 1.00 
318 0.62 1 25.6 0.84 
405 0.64 1 31.4 0.80 
130 0.76 3 7.98 1.07 
157 0.84 3 6.78 0.68 
197 0.89 3 6.24 0.48 
265 0.79 1 15.1 0.95 
313 0.87 1 12.0 0.59 
405 0.84 1 18.0 0.71 
0.77 
0.13 
Table 7.5: Comparison between the proposed design rules and shear test (in three-point bending configuration) results 
Shear specimens Axis of bending V„,1„ (kN)  M0,1„„ (kNm) fy (N/mm2) 
150x75x4.0-S1 Minor 52.0 15.6 377 
150x75x5.0-S1 Minor 60.1 18.0 369 
150x75 x6.3-S1 Minor 71.6 21.5 391 
150x75 x4.0-S2 Major 92.0 27.6 377 
150x75x5.0-S2 Major 116 34.6 369 
150x75 x6.3-S2 Major 150 45.0 391 
150x75 x4.0-S3 Minor 59.4 13.4 377 
150x75x5.0-S3 Minor 75.7 17.2 369 
150x75x6.3-S3 Minor 93.5 21.0 391 
150x75 x4.0-54 Major 115 26.0 377 
150x75 x5.0-S4 Major 148 33.4 369 
150x75 x63-54 Major 194 43.6 391 
150x75 x4.0-S5 Minor 83.7 12.6 377 
150x75x5.0-S5 Minor 103 15.4 369 
150x75x6.3-S5 Minor 130 19.3 391 
150x75 x4.0-S6 Major 151 22.8 377 
150x75x5.0-S6 Major 199 30.5 369 
150 x75 x6.3-S6 Major 261 39.1 391 
150x75 x4.0-S74 Minor 98.1 7.45 377 
150 x75 x5.0-S7 Minor 132 9.93 369 
150 x75 x 6.3-S7 Minor 175 13,0 391 
150x75 x4.0-S84 Major 211 15.9 377 
150x75x5.0-S84 Major 273 20.4 369 
150x75x6.3-S8# Major 341 25.3 391 
MEAN" 
COV" 
# 	did not reach the peak load 
## 	results that did not reach peak load not included 
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Table 7.6: Comparison between the proposed design rules and column test results 
Columns Axis of buckling N.,,et (kN) (N/mm2) E (N/mm2) 
Proposed 
Class Ni,,,,„p  (kN) Nu,proriNu,test 
150x75x4.0-C1 Minor 495 377 217554 Slender 503 1.02 
150x75x5.0-C1 Minor 614 369 217062 Fully effective 640 1.04 
150x75x6.3-C1 Minor 820 391 216438 Fully effective 814 0.99 
150x75x4.0-C2 Major 573 377 217554 Slender 538 0.94 
150x75x5.0-C2 Major 677 369 217062 Fully effective 658 0.97 
150x75x6.3-C2 Major 866 391 216438 Fully effective 855 0.99 
150x75x4.0-C3 Minor 507 377 217554 Slender 447 0.88 
150x75x5.0-C3 Minor 647 369 217062 Fully effective 555 0.86 
150x75x6.3-C3 Minor 789 391 216438 Fully effective 685 0.87 
150x75x4.0-C4 Major 538 377 217554 Slender 515 0.96 
150x75x5.0-C4 Major 680 369 217062 Fully effective 623 0.92 
150x75x6.3-C4 Major 836 391 216438 Fully effective 797 0.95 
150x75x4.0-05 Minor 365 377 217554 Slender 320 0.88 
150x75x5.0-05 Minor 393 369 217062 Fully effective 381 0.97 
150x75x6.3-05 Minor 452 391 216438 Fully effective 464 1.03 
150x75x4.0-C6 Major 489 377 217554 Slender 461 0.94 
150x75x5.0-C6 Major 611 369 217062 Fully effective 571 0.93 
150x75x6.3-C6 Major 814 391 216438 Fully effective 715 0.88 
150x75x4.0-C7 Minor 234 377 217554 Slender 204 0.87 
150x75x5.0-C7 Minor 242 369 217062 Fully effective 242 1.00 
150x75x6.3-C7 Minor 292 391 216438 Fully effective 287 0.98 
150x75x4.0-C8 Major 429 377 217554 Slender 404 0.94 
150x75x5.0-C8 Major 509 369 217062 Fully effective 498 0.98 
150x75x6.3-C8 Major 648 391 216438 Fully effective 605 0.93 
MEAN 0.95 
COV 0.06 
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7.4 Worked examples 
This section aims to illustrate the design procedures for determining the resistance of 
elliptical hollow section steel components under different loading scenarios. 
7.4.1 Cross-section compression resistance 
Stub column specimen — 150x75x5.0-SC1: 
Geometric properties: 
2a = 150.17 mm 	2b = 75.80 mm 	 t = 5.08 mm 
A = 1775 mm2 
Material properties: 
fy = 369 N/mm2 
Approach 1: 
n
= 
 2a2 2(150.17 / 2)2 = 298 mm 
b = 	75.80/ 2 
De 	 298 = 92 > 90 
tc2 — 5.08(235/369) 
Class 4 (slender) 
0.5 
Aar = A
[  90  235 
D / t f e 	y 
=1775[  90  235
1).5 
298 / 5.08 369 
=1755 mm2 
...Nu,prop,i = Aefffy = 1755x369/103 = 648 kN 
	
(Nu,test = 689 kN) 
Approach 2: 
f = 1-2.34/2af 6 = 1-2 3(5.08/150.17)0'6 = 0.70 
[ De =2a 1+ f(-a—
b 
 —1) =150.17 1+ 0.70(1
7
50'17 	/2 1) = 253mm 
5.80/2 
De 	253 
=78<90 
te 2 	5.08 x (235 / 369) 
Class 1-3 (fully effective) 
Nu,prop,2 = Afy = 1775x369/103 = 655 kN (Nu,test = 689 kN) 
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7.4.2 Cross-section in plane bending resistance 
7.4.2.1 Minor axis bending 
Four-point bending specimen — 500x250x 8.0-B1: 
Geometric properties: 
2a = 495.34 mm 	2b = 255.85 mm 	t = 7.78 mm 
Wel = 642003 mm3 Wpl = 806374 mm3  
Material properties: 
fy = 413 N/mm2 
2a2 	2(495.34/ 2)2  D = — = = 959 mm 
e 	b 	255.85/2 
De 	959 	= 217 >140 
...Class 4 
ts2 	7.78(235/ 413) 
Mu,prop = Wetify = 575623 X 413/106 = 238 kNm 
	
(Mu,test = 291 kNm) 
7.4.2.2 Major axis bending 
Four point bending specimen — 400x200x14.0-B2: 
Geometric properties: 
2a = 399.90 mm 	2b = 201.06 mm 	t = 14.48 mm 
Wel = 1038011 mm3 Wpl = 1465220 mm3  
Material properties: 
fy = 398 N/mm2 
a/b = 399.90/201.06 = 1.99 > 1.357 
De = 0.8 —a2 = 0.8 
(399.90/ 2)2  = 318 mm 
b 	201.06/2 
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De 	318 
= 37 < 50 
tg2 	14.48(235 /398) 
Class 1 
Mu,prop = Wpify = 1465220x398/106 = 583 kNm (Mu,test = 659 kNm) 
7.4.3 Cross-section under combined bending and shear 
7.4.3.1 Low shear V 0.5Vpl,Rd 
7.4.3.1.1 Minor axis bending 
Three-point bending specimen — 400x200x12.5-B3: 
Geometric properties: 
2a = 402.24 mm 	2b = 200.10 mm 	t= 11.98 mm 
Wei = 578632 mm3 Wp1 = 747668 mm3  
Material properties: 
fy = 395 N/mm2 
Applied load: 
Vu,test = 220 kN 
Shear area: 
Av = (4b-2t)t = (2x200.10-2x11.98) x11.98 = 4507 mm2 
Vpi,prop = Av(fy /.\/- 3 ) = 4507x(395.2 	)/103 = 1028 kN 
Vu,test/Vpi,prop = 220/1028 = 0.21 < 0.50 
D 
	2a 2 2(402.24 / 2)2 
= - - 	 = 809 mm 
e 	b 	200.10/ 2 
De- 809 	 =114 < 140 and > 70 
is 	11.98(235 /395.2) 
Class 3 
••• Mu,prop = Weify = 578632x395.2/106 = 229 kNm (Mu,test = 330 kNm) 
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7.4.3.1.2 Major axis bending 
Three-point bending specimen — 400x200x12.5-B4: 
Geometric properties: 
2a = 403.08 mm 	2b = 198.53 mm 	t = 11.94 mm 
Wel = 881205 mm3 WpI = 1237072 mm3  
Material properties: 
fy = 395 N/mm2 
Applied load: 
Vu,test = 453 kN 
Shear area: 
= (4a-2t)t = (2x403.08-2x11.935) x11.935 = 9337 mm2 
Vpi,prop = Av(fy 	) = 9337x(395.24S )/103 = 2130 kN 
Vu,testNpl,prop = 453/2 1 3 0 = 0.21 < 0.50 
De = 0 8 	 = 
0.8 (403.08 / 2)2  =
327  mm (a/b = 403.08/198.53 = 2.03 > 1.357) 
b 198.53/2 
De = 	327 
= 46 < 50 
1.6 2  11.935(235/395.2) 
;. Class 1 
Mu,prop = Wpify = 	 (Mo,test 1237072x395.2/106 = 489 kNm 	 681 kNm)  
7.4.3.2 High shear V> 0.5V1,Rd 
7.4.3.2.1 Minor axis bending 
Shear specimen — 150x75x4.0-S5: 
Geometric properties: 
2a = 150.65 mm 
Wei = 28945 mm3  
2b = 75.47 mm 	t = 4.19 mm 
Wp1 = 37246 mm3  
 
Material properties: 
fY 	= 377 N/mm2 
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Applied load: 
Vu,test = 83.7 kN 
Shear area: 
A, = (4b-2t)t = (2x75.47-2x4.19) x 4.19 = 597 mm2 
Vpi,prop = Av(fy/ ,‘ ) = 597x(376.7/- )/103 = 130 kN 
Vu,test/Vpi,prop = 83.7 / 130 = 0.64 > 0.5 
(2x83.7 	2 
= 	1) = 0.083 P  130 
fyr = 
D 
e 
De 
= 
(1-p)fy = (1-0.083) x 376.7 = 345 N/mm2 
2a 2 	2(150.65/2)2 
301 = = 	mm 
b 	75.47/2 
301 
=115< 140 and> 70 
tc2 4.19(235/376.7) 
... Class 3 
... Mu,prop = Welfyr = 28945x345/106 = 10.0 kNm (Mu, test — 12.6 kNm) 
7.4.3.2.2 Major axis bending 
Shear specimen — 150x75x6.3-S6: 
Geometric properties: 
2a = 148.75 mm 	2b = 76.05 mm 	t = 6.31 mm 
Wei = 61731 mm3 Wpi = 87614 mm3  
Material properties: 
fy = 391 N/mm2 
Applied load: 
Vu,test = 261 kN 
Shear area: 
A, = (4a-2t)t = (2x148.75-2x6.31) x 6.31 = 1798 mm2 
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Vpi,prop  = Av(fy/-[ 3 ) = 1798x(390.6/ )/103 = 405 kN 
Vu,testNpl,prop = 261 / 405 = 0.64 > 0.5 
(2 x 261 	2 
= 	1) = 0.083 P 405 
fyr = (1—P)fy = (1-0.083) x 390.6 = 358 N/mm2 
0.8a 2 	0.8(148.75/ 2)2  D
e 
 =  =116 mm (a/b = 148.75/76.05 = 1.96 > 1.357) 
b 	76.05/2 
De = 	116  31< 50 
tE 2 	6.31(235 /390.6) 
Class 1 
••• Mu,prop = Wpifyr = 87614x358/106 = 31.4 kNm (Mu, test = 39.1 kNm) 
7.4.4 Member column buckling resistance 
7.4.4.1 Buckling about the minor axis 
Column specimen — 150x75x6.3-C7: 
Geometric properties: 
2a = 148.77 mm 	2b = 75.85 mm 	t = 6.28 mm 
A = 2154 mm2 i = 26.54 mm L, = 3100 mm 
Material properties: 
fy = 391 N/mm2 
	
E = 216438 N/mm2 
Approach 2: 
f= 1-2.3(t/2a)" = 1-2.3(6.28/148.77)0.6 = 0.66 
(De = 2a 1+f b  —a -1 =148.77 _ 1 + 0.66(17458:8757;22 1)1= 243 mm 
De 	243 
= 64 < 90 
tc2 	6.28 x (235 / 390.6) 
.*. Class 1-3 (fully effective) 
Nu,prop,2 = Afy = 2154x390.6/103 = 841 kN 
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Slenderness: 
Afy Ler fy 	 3100 	390.6 =1.579  
EC 	N er = 	E 26.547r 216438 
a = 0.21 for curve 'a' 
(13. = 0.5[1+ a(X,Ec — 0.2)+ X2Ec ] = 0.5[1+ 0.21(1.579 —0.2)+1.5792 ] =1.892 
  
= 0.341 x= 
      
      
413+ 11 ilD 2 — X2Ec 1.892 + V1.8922 —1.5792 
.'• Nu,prop = xAfy = 0.341x841.4= 287 kN 
	
(Nu,test = 292 kN) 
7.4.4.2 Buckling about the major axis 
Column specimen— 150x75x4.0-C2 
Geometric properties: 
2a = 150.54 mm 	2b = 75.40 mm 	t = 4.24 mm 
A = 1492 mm2 i = 47.26 mm Lcr = 700 mm 
Material properties: 
fy = 377 N/mm2 
	
E = 217554 N/mm2 
Approach 2: 
f= 1-2.3(t/2a)" = 1-2.3(4.24/150.54)0'6 = 0.73 
[ De = 2a 1+ f .-- —1 =150.54 1+ 0.73 150'54 / 2 1 = 260 mm 
b 	 75.40/ 2 
De 	260 
= 98 > 90 
te2 	4.24 x (235/377) 
...Class 4 (slender) 
A eff = A
[  90  2351" 
De /t f y 
..Nu,prop = Aefffy = 1427x377/103 = 538 kN 
172 
=1492
[ 90  2351" 
260/4.24 377] 
= 1427 mm2 
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Slenderness: 
     
      
2° EC — 
	
Afy 	r f  y 	700  1 	377  = 0.196 0.2 
\ 1\1, 	irc E 
= 
47.26rc 217554 
 
x = 1.0 
    
i.e. Nu,prop = xAfy = 1x538 = 538 kN 
 
(Nu,test = 573 kN) 
7.5 Concluding remarks 
The chapter summarises the proposed design methodologies for elliptical hollow 
sections under different loading configurations. 	The design procedures are 
demonstrated by worked examples. The comparisons between the proposed design 
methods and test results are summarised in Table 7.7. On average, the proposed design 
rules predict 85% of the test resistances with a coefficient of variation of 13%. It is 
envisaged that the proposed design method will be considered for incorporation into 
future revisions of Eurocode 3. 
Table 7.7: Summary of comparisons between the proposed design rules and test results 
Configuration Proposed/Test 
Compression (Approach 1) 83% (12%) 
Compression (Approach 2) 86% (11%) 
Cross-section Pure bending 83% (6%) 
resistance Bending and shear (low shear) 72% (8%) 
Bending and shear (low and high shear) 77% (13%) 
All 82% (12%) 
Member resistance Column buckling 95% (6%) 
Overall All 85% (13%) 
173 
Chapter 8 
Conclusions 
This chapter summarises the key findings of this research project, reports the principal 
conclusions drawn and provides insight into areas for future research. 
8.1 Research summary 
The Royal Albert Bridge first illustrated the integrity of elliptical structural forms in the 
mid-nineteenth century. Since then, the evolution of construction materials brings the 
latest hot-finished structural products — elliptical hollow sections (EHS). These new 
sections offer an interesting and unusual appearance complemented by sound structural 
efficiency with differing flexural rigidities about the two principal axes and high 
torsional stiffness. This creates a broad range of design opportunities spanning from 
sculptures to buildings and bridges. 	To facilitate their wider application, 
comprehensive and validated structural design guidance is required. Thus, the core 
objective of this research was to develop a concise design framework and stepwise 
design procedures in harmony with the current design methods for circular hollow 
sections to allow elliptical hollow section members to be designed safely and efficiently. 
This has been achieved through analytical derivations, experimental investigations, 
numerical simulations and data analyses. 
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Two levels of investigation — cross-section and member levels — have been conducted. 
At cross-section level, the structural response of elliptical hollow sections in 
compression, bending and combined bending and shear has been investigated in 
Chapters 3 to 5, respectively, whilst member column buckling behaviour has been 
studied in Chapter 6. 
A total of 25 tensile coupon tests, 25 stub column tests and 18 in-plane bending tests 
were performed at the cross-section level investigation. The key purpose of the tensile 
coupon tests was to obtain the basic engineering stress-strain response for the specimens 
tested in the experimental studies. Results from the stub column and in-plane bending 
tests formed the basis of the experimental performance database for the development of 
the cross-section classification system. In parallel with the experimental programme, a 
numerical modelling study was carried out. The scope of this study was to extend the 
structural performance database numerically. The numerical models employed were 
validated against test results by adopting the measured geometric and material 
properties. Comparisons between test and FE results were carefully examined so as to 
ascertain that the FE models were capable of mimicking not only the peak response, but 
also the general load-displacement histories and failure patterns from the tests. The 
validated models were further utilised to perform parametric studies to identify the 
influence from individual key parameters. Since the tested specimens had aspect ratios 
of 2, other aspect ratios (1 and 3) were examined numerically. In addition, by varying 
the thickness of the numerical specimens, a wide range of cross-section slendernesses 
was examined. The generated structural performance data were then employed to 
verify the applicability of using the proposed cross-section slenderness parameters, 
which were based on the theoretical examination of the buckling of elliptical hollow 
sections and determination of circular hollow sections of equivalent diameter. Based on 
the proposed slenderness parameters, the structural performance data followed a similar 
trend to their circular counterparts and revealed that the current classification limits for 
circular hollow sections could be safely adopted for elliptical hollow sections. 
Having established a cross-section classification system, the next investigation focussed 
on the influence of shear on bending resistance. A total of 24 shear tests in a three-point 
bending configuration were performed. A range of span lengths was chosen in order to 
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study the degradation effect on bending resistances with increasing shear. Numerical 
simulations covering a wider range of cross-section slendernesses and aspect ratios 
were also conducted to support and complement the experimental results. Based upon 
the generated structural performance data, design expressions for plastic shear area and 
moment-shear interaction were proposed. 
Complementary to the structural performance study at the cross-section level, research 
into the member column buckling behaviour was also carried out. This behavioural 
study again employed the key methodologies demonstrated in the cross-section studies. 
Carefully conducted experiments comprised a total of 24 column buckling tests about 
the major and minor axes. A range of column lengths was chosen to cover a spectrum 
of member slendernesses. Comparison between the experimental results and the elastic 
and plastic column buckling theories revealed satisfactory agreement, demonstrating 
that the theoretical models were capable of capturing the observed load-deformation 
behaviour. Numerical models were also developed alongside the experimental 
programme and validated against the test results. Following satisfactory replication of 
the tests, parametric studies which aimed to investigate the influence of different aspect 
ratios, thicknesses and lengths on the column buckling resistances were carried out. 
The resulting structural performance data demonstrated a similar trend to their circular 
counterparts. The current design column curve for hot-finished hollow sections from 
Eurocode 3 provides, in general, a lower bound to the structural performance data and it 
is therefore recommended that this column curve can be adopted for elliptical hollow 
sections. 
In Chapter 7, a summary of the developed design rules for elliptical hollow sections was 
provided. Comparisons between the proposed design rules and the test results were also 
performed. On average, the proposed design rules predicted 85% of the test resistances 
with a coefficient of variation of 13%. Work examples were also presented to illustrate 
the application of the stepwise design procedures for elliptical hollow sections. It is 
anticipated that the findings of this research will be considered for inclusion in future 
revisions of Eurocode 3 and other international steel design standards. 
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8.2 Future work 
The current research covers the core of the perceived design framework required for 
elliptical hollow sections. Envisaged future research will strengthen and complement 
the present research with the aim of developing comprehensive, safe and efficient 
structural design guidance in the foreseeable future. The following paragraphs discuss 
the areas for future study. 
The present research has proposed a system of cross-section classification in 
compression and bending. For cross-section classification under combined compression 
and bending, designers can initially check the cross-section against the most severe 
loading case of pure compression. If the classification is Class 1, then there is no 
benefit to be gained from checking against the actual stress distribution. Similarly, if 
plastic design is not being utilized, there would be no benefit in re-classifying a Class 2 
cross-section under the actual stress distribution. Under combined compression and 
minor axis bending, clearly buckling will initiate in the region of the maximum radius 
of curvature, similar to the case of pure compression and pure minor axis bending. 
Hence, for this case, the same slenderness parameter and classification limit as for pure 
compression were recommended. Under combined compression and major axis 
bending, the critical radius of curvature will shift towards the centroidal axis. 
Conservatively, classification may be carried out assuming pure compression, though 
development of a method for determination of the critical radius of curvature and the 
corresponding slenderness parameters and limits which could yield efficient design is 
required. 
Failure to reach the yield load in compression and yield moment in bending due to the 
occurrence of local buckling is generally treated in design using either an effective 
stress or an effective section property approach, with recent trends favouring the latter. 
Preliminary effective area and effective section modulii formulae for Class 4 (slender) 
elliptical hollow sections have been developed with reference to the formulations for 
circular hollow sections from BS 5950-1. For the current range of elliptical hollow 
sections, based on the experimental and numerical results, the preliminary proposals 
have been found to be conservative and can be safely adopted for Class 4 (slender) 
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elliptical hollow sections. However, in order to yield a more efficient design, further 
investigation into effective section properties is required. 
As regards the structural behaviour in shear, results demonstrated that the shear 
resistance of hot-finished elliptical hollow sections of the investigated proportions was 
dominated by yielding in shear, and hence the proposed formulations for plastic shear 
resistances can be applied. However, for sections of more slender proportions, shear 
buckling may occur. Derivation of formulae to predict the shear buckling resistance of 
EHS and determination of slenderness limits beyond which shear buckling should be 
considered are necessary. 
Having identified the structural performance of elliptical hollow sections in 
compression, bending and combined bending and shear, it is instructive to consider the 
cross-section strength under combined loadings, including combined bending and 
compression (in conjunction with the extended research into the cross-section 
classification system) and combined bending, shear and axial force. 
At member level, column buckling under pure compression has been investigated in this 
study. Further instability cases requiring attention are lateral torsional buckling and 
member buckling under combined loadings of compression and bending. Manifestation 
of lateral torsional buckling will be related to the aspect ratio of the elliptical hollow 
sections, with sections of higher aspect ratios loaded about the major axis being more 
susceptible to lateral torsional buckling. For these studies, the key components —
analytical derivations, experimental investigations, numerical simulations and data 
analysis remain the core research methodologies. 
To achieve the required level of reliability, statistical analyses on the proposed design 
expressions have to be conducted. Annex D of EN 1990 (2002) provides informative 
guidance on the determination of design resistance from tests. The proposed design 
expressions will be analysed in accordance with the method detailed in Annex D, in 
order to demonstrate their suitability for inclusion into Eurocode 3. 
178 
Chapter 8: Conclusions 
Overall, this research has established a sound foundation for the design of elliptical 
hollow sections. Design rules for the determination of resistance at cross-section level 
and member level have been proposed. This research has paved the way for the future 
research with the final goal of establishing a concise design framework and stepwise 
design procedures to allow elliptical hollow section members to be designed safely and 
efficiently. 
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